Atomistic study of surface effects on the electromechanical coupling of ZnO nanostructures by Dai, Shuangxing
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2013
Atomistic study of surface effects
on the electromechanical coupling
of ZnO nanostructures
https://hdl.handle.net/2144/12743
Boston University
BOSTON UNIVERSITY 
COLLEGE OF ENGINEERING 
Dissertation 
ATOMISTIC STUDY OF SURFACE EFFECTS ON THE 
ELECTROMECHANICAL COUPLING OF ZNO 
NANOSTRUCTURES 
by 
SHUANGXING DAI 
M.Sc., University of Colorado at Boulder, 2009 
Submitted in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy 
2013 
© Copyright by 
Shuangxing Dai 
2013 
First Reader 
Second Reader 
Third Reader 
Fourth Reader 
Fifth Reader 
Approved by 
Harold Park, Ph.D. 
Associate Professor of Mechanical Engineering 
Kamil E mci, Ph.D. 
Associate Professor of Mechanical Engineering 
Barbone, Ph.D. 
ciate Professor of Mechanical Engineering 
Aaron Schmidt, Ph.D. 
Assistant Professor of M 
Xi Lin, Ph.D. 
Assistant Professor of Mechanical Engineering 
That which has been is that which will be, 
And that which has been done is that which will be done. 
So there is nothing new under the sun. 
Ecclesiastes 1 :9 
Acknowledgments 
My accomplishment cannot be achieved without help from lots of people at Uni-
versity of Colorado and Boston University. They provided me endless influence 
and knowledge on my work and life in my past twenty years. 
First I would like to thank my advisor Prof Harold S. Park for his continuous sup-
port and guide in my graduate study. His insight and professional advice helped 
me in better understanding and overcoming obstacles in my research project in 
simulation. I learned the error and trial pattern way of doing research. I appreciate 
his great patience and lots of effort when I met problems. I am influenced by his 
hard working style. 
I would also like to thank Prof Martin Dunn for support and advice in Boulder. 
His rigorous style to his student is what I respect. I would like to acknowledge Prof 
Pradeep Sharma and Dr Mohamed Gharbi for discussion and collaboration . 
I would like to thank Penghui Cao, Zenan Qi in my study and life in Boston Uni-
versity. They have contributed to my knowledge of mechanics and MD simulation. 
Also they greatly enriched my life. I am grateful to all the people I met and shared 
moment with me. 
Finally I would like to thank my parents for their love, support. I am proud of 
them. 
v 
ATOMISTIC STUDY OF SURFACE EFFECTS ON THE 
ELECTROMECHANICAL COUPLING OF ZNO 
NANOSTRUCTURES 
(Order No. ) 
SHUANGXING DAI 
Boston University, College of Engineering, 2013 
Major Professor: Harold S. Park PhD 
Associate Professor of Mechanical Engineering 
ABSTRACT 
Zinc Oxide (ZnO) has been widely studied as a piezoelectric semiconductor. 
Since ZnO nanowires (NW) have recently been utilized experimentally as nano-
generators to harvest electrical energy resulting from mechanical deformation, 
its potential use in energy harvesting applications has attracted significant inter-
est. However, theoretical and computational studies of piezoelectricity are typi-
cally based on classical continuum mechanics, which does not account for critical 
nanoscale surface effects. Since surface effects are dominant at the nanoscale, 
molecular simulations which can capture the surface effect are needed. The fo-
cus of this thesis is in applying, for the first time, polarizable core-shell atomistic 
models to study the bulk and surface-dependent piezoelectric properties of ZnO 
nanostructures. We first validate the mechanical properties of bulk ZnO, then cal-
vi 
culate the bulk piezoelectric coefficients by classical molecular simulation. Using 
techniques to ensure charge neutralization at the surfaces of ZnO, we examine 
ZnO thin films and report, for the first time, surface piezoelectric constants for the 
polar (0001) surface of ZnO. We then examine the utility of using ZnO nanowires 
for electromechanical energy conversion by studying their piezoelectric properties 
under axial loading. We find that due to the reduced polarization at the surfaces 
of ZnO, the piezoelectric constants of ZnO decrease with decreasing size, thus 
leading to the finding that if enhanced energy generation using ZnO is desired, 
further miniaturization to the nanometer scale may not be the solution. 
vii 
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Chapter 1 
Introduction 
1.1 Motivation 
Piezoelectricity is the phenomenon by which an electric field is generated when 
mechanical strain is applied to a piezoelectric material. Piezoelectric materials 
can be used for energy harvesting as renewable energy sources, with the long-
term goal of either reducing the size and weight of external power sources such 
as batteries, or replacing the batteries altogether. Prior studies have shown that 
piezoelectric generators can be used in innovative ways, for example being im-
planted in the human body, embedded in clothes, or put in shoe pads to collect 
low frequency mechanical energy. In the past 5 years, there has been a significant 
explosion in nanoscale energy harvesting due to the seminal experimental work 
of Wang eta/. [Wang and Song, 2006]. They have successfully harvested elec-
tric energy in experiment by using atomic force microscope(AFM) to scan through 
the piezoelectric Zinc Oxide (ZnO) nanowire(NW) (refer to Fig. 1·1 ). Aligned 
NW are grown on a - AI20 3 substrate and deflected by conductive AFM in contact 
1 
2 
mode. Electric potential difference is generated due to charge concentration on 
two opposite ends when the piezoelectric NWs are bent by AFM tip. It is posi-
tive in tensile end and negative in compressive end. In the discharge process, 
curren~ is generated and collected. In this way mechanical energy is converted 
to electric energy. It can be used to make a muscle-movement-driven nanogen-
erator [Yang et al., 2009] which can get energy from human motion or a running 
hamster. A series connection of four single wire generator produced an output 
voltage of up to 0.1-0.5 V(see Fig.1 ·2). The output of electric energy from a nano-
generator can be strong enough to continuously drive a liquid crystal display [Hu 
et al., 201 0]. A compressive strain of 0.11 % produces an output voltage up to 2 
V(see Fig.(1·2)) . Gallium Nitride(GaN) [Su et al., 2007, Huang et al., 201 0] and 
Cadmium Sulfide(CdS) [Lin et al., 2008] have also found to have similar results. 
ZnO has attracted much attention and is widely investigated as a semiconduct-
ing material because it is piezoelectric (due to non-centrosymmetric crystal struc-
ture), biosafe, and easy to generate at low cost in experiment. Since it has large 
binding energy, large piezoelectric coefficient and can be synthesized in many 
different nanostructure geometries (nanoring, nanobow, nanocomb, nanospiral, 
nanospring, etc) [Wang et al., 2004], researchers are interested in studying its 
piezoelectric properties and to use it as the basic building block of nanogenera-
tors. It can be used as transistor [Gao et al., 2009], sensor, memory [Song et al., 
2011, Wu and Wang, 2011 ], and energy harvesting devices [Hu et al., 201 0, Yang 
3 
Figure 1·1: After atomic force microscope (AFM) tip scan through 
ZnO NW, there is electric potential difference between top and bot-
tom, current is generated during discharge process. Au is used as 
catalyst. If the Au drop is too large, charge will leak away. Figure 
from Wang eta/. [Wang and Song, 2006] 
et al., 2009]. 
Nano materials have distinct properties from bulk materials because surface 
atoms have less neighbors than bulk atoms [Hu and Pan , 2009]. The reduction 
of coordination will lead to different response to strain, temperature, and elec-
tric field. Surface contraction or expansion will affect mechanical, thermal and 
piezoelectric properties of materials. As size decreases, the surface to volume 
ratio(S/V rv 1/ l) will increase. Due to large surface to volume ratio, surfaces play 
a dominant role in controlling the thermal [Kulkarni and Zhou, 2006a] and mechan-
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Figure 1-2: Appl ication of nanogenerator to drive LCD(subfigure(a), 
From [Hu et al. , 201 0]) and muscle-movement-driven 
nanogenerator(subfigure(b) , from [Yang et al. , 2009]) 
ical [Chen et al., 2006, Wang and Li , 2007, Hu and Pan , 2009, Ku lkarni and Zhou , 
2006b, Agrawal et al., 2008] properties of nano materials. For ZnO nanostruc-
tures, smaller nanostructures have been found to exhibit a larger Young 's mod-
ulus [Cao and Chen , 2007, Cao and Chen, 2008, Chen et al. , 2006, Hu et al. , 
2008, Hu and Pan , 2009, Kulkarni et al., 2005, Kulkarni and Zhou, 2006b, Zhang 
and Huang, 2006]. Li eta/. [Li et al. , 2007b] also found that the piezoelectricity of 
ZnO nanofilms is size dependent by ab initio calculations, while Zhao et at. [Zhao 
et al. , 2004] also reported an enhancement in piezoelectric strain coefficient d33 
for ZnO NW in experiment. Since ZnO is stiffer at small sizes, it may at first glance 
be expected that more energy can be harvested for piezoelectric ZnO nanostruc-
5 
tures, though a central point to this thesis will be in examining this hypothesis. 
Figure 1-3: Different ZnO nanostructures: nanoring, nanospiral, 
and nanohelix, picture from Wang eta/. [Wang et al., 2004] 
We are interested in piezoelectric nanostructures [Li et al., 2007b, Liang-zhi 
et al., 2008, Xiang et al., 2006) and trying to find the origin of enhancement of 
piezoelectricity in nanostructure by atomistic simulation since MD is able to study 
both piezoelectric [Dai et al., 2010, Herzbach and Muser, 2006] and pyroelectric 
properties [Carbeck and Rutledge, 1996]. Other analytical approaches [Gao and 
Wang, 2007, Shao et al., 201 Ob, Sun et al., 201 0) based on continuum theory 
and the resulting finite element (FEM) simulations [Gao and Wang, 2007, Gao 
and Wang, 2009, Mantini et al., 2009, Schubert et al., 2008) do not include sur-
face effects while density functional theory(DFT) cannot handle nanostructures at 
sizes that are greater than about 5 nm. Furthermore, OFT also does not account 
for finite temperature. Compared to OFT, it is easier to account for temperature 
via classical molecular dynamics (MD). Shen eta!. [Shen and Hu, 2010] have 
6 
developed a continuum theory including surface piezoelectric constants and elas-
tic constants; however, the surface piezoelectric constants that are required for 
this and other theories have not been calculated for ZnO. If surface piezoelectric 
constants are calculated, they can be used in conjunction with such analytical the-
ories to efficiently solve relevant boundary value problems for a piezoelectric ZnO 
nanostructure to see how surface effects impact the piezoelectric properties of 
ZnO NWs under different loading conditions. We also hope to find surface effects 
on the piezoelectric properties for NWs with different axial and surface orienta-
tions. 
Since nanoscale effects may lead to larger piezoelectric effects and MD is 
more versatile but less accurate and not studied for piezoelectric properties of 
surfaces, the main objective of the proposed thesis research is to use atomistic 
modeling to look at size and surface effects on the electromechanical properties of 
ZnO. The necessary steps to achieve this research proposal will be discussed in 
detail, but the major steps are summarized here as: (1) Examine the accuracy of 
classical polarizable core-shell interatomic potentials in calculating, as compared 
to benchmark experimental and OFT calculations, the piezoelectric properties of 
bulk ZnO. (2) Implementation of an electrostatic summation method to account for 
the unique surface electrostatic behavior observed in finite sized nanosystems. (3) 
Investigation of the surface piezoelectric properties of ZnO nano films. (4) Finally, 
the axial loading and bending of NW will be studied to determine the potential 
7 
benefits, if any, of electromechanical energy generation from ZnO NWs. It is hoped 
that the results of this study will help rationally design higher-efficiency energy 
harvesting devices based on surface-dominated ZnO nanostructures. 
1.2 Structure of ZnO 
II 
co ) 
I II ~ I I 11..--------1 1 
(0001) 
I 
-
-
~1 0 
-
ZnO has a wurtzite crystal structure(refer to Fig.1-4) It belongs to space group 
P63mc. It is not centrosymmetric, which makes it possible to be piezoelectric. 
Each unit cell contains two Zn-0 bonds. It is determined by two lattice parameters 
a and c. The fractional coordinate u parameter is defined as the length of the bond 
parallel to the c axis in units of c. For an ideal wurtzite structure, cja = .J873 and 
u = 3/8 = 0.375. The Zn-0 bond length will change when strain is applied . And 
8 
it will change the distance of the center of positive and negative charges, which 
changes the polarization. Therefore, wurtzite ZnO is piezoelectric. ZnO also has 
other non-piezoelectric phases: rocksalt, zinc blende, graphitic, d-BCT. 
Figure 1-5: How mechanical strain can create a dipole moment in 
wurtzite ZnO. 
Polarization is a redistribution of charge distribution due to electric field, ei-
ther applied external electric field or induced electric field [Yu and van Gunsteren, 
2005]. Piezoelectricity is electric polarization induced by mechanical strain in crys-
tal belonging to certain classes and the polarization being proportional to strain 
and changing sign with it. Not all material have piezoelectric property. Only 
20 out of 32 crystallographic points groups is piezoelectric. All centrosymmetric 
point groups are non-piezoelectric due to symmetric restrictions 1 . For piezoelec-
tric structuctures, the center of positive and negative center of charge no longer 
overlap after strain is applied( see Fig.1 ·5) . A net total dipole moment is generated 
and it causes changes in polarization. Sharma eta/. [Sharma et al., 201 0] found 
1 Under symmetric transformation (x, y, z ) --+ ( - x, - y , -z), get eijk = -ei]k• so eijk = 0 for 
centrosymmetric group. 
9 
that strain gradients can cause non-piezoelectric materials to exhibit piezoelectric 
properties due to flexoelectricity. Much work to study piezoelectricity has been 
done with OFT [Gatti et al. , 2003a, Dalcorso et al. , 1994, Noel et al., 2002b], but 
few works have been done to study polarization using MD [Zhang et al., 2009]. It 
is important to use the advantage of MD to study polarization and piezoelectricity 
also at nanoscale, to not only understand the atomistic mechanisms underlying 
piezoelectricity in nanostructures, but also to make links to larger scale continuum 
theories that are widely used for structural analysis and design. 
1.3 Elastic properties 
To study electro-mechanical coupling of ZnO, it is necessary to test bulk elastic 
properties with chosen potential and compare with OFT and experimental results 
to validate that the potentials can reproduce the expected mechanical properties 
of bulk ZnO. 
The interatomic potential used in simulation is Coulomb electrostatic potential 
with Buckingham potential: 
(1 .1) 
Here A , p and C are Buckingham parameters. The first term in Eq.1.1 is the 
electrostatic energy, the second term is the repulsion due to electron cloud over-
10 
lap(Pauli's exclusion principle) , and the third term is the van der Waal's interac-
tions. 
Table 1.1: Buckingham and core-shell parameters for the Binks et 
a!. [Binks and Grimes, 1994] and Nyberg eta/. [Nyberg et al., 1996] 
core-shell potentials for ZnO. 
Binks 
Nyberg 
Table 1.2: Optimized lattice constants for the Binks et a/. [Binks 
and Grimes, 1994] and Nyberg eta/. [Nyberg et al. , 1996] core-shell 
potentials for ZnO. 
The Buckingham potential parameters used are listed in Table.(1.1 ). The lat-
tice parameter used are listed in Table.(1.2). The potential parameters are often 
fitted to reproduce experiment or first principle results [Munima and Charudatt, 
2007, Sepliarsky et al., 2004]. The bulk elastic constants are calculated by using 
Ewald method [Ewald, 1921] with periodic boundary condition(PBC) for electro-
static summation. 
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Elastic constants Cij are calculated by second derivative of total energy to 
strain [Fast et al. , 1995, Cheng et al., 2008]. First the lattice is distorted with a 
symmetric distortion matrix(aij = aji): 
(
1 + axx 
M distortion = ayx 
azx 
(1.2) 
The relation of strain tensor Eij and distortion aij is Eij = ~ ( aij + aji) . 
The energy of the strained system E(V, a) can be expanded as: 
E(V, a) = E(Vo, 0) + Vo (2..::: Tabaab + L ~Cabcdaabacd) (1.3) 
a ,b a,b,c,d 
If Voigt notation2 is used, it can be rewritten as: 
E(V, a) = E(Vo , 0) + Vo (2..::: Tiai + ~ ~Cijai~iaj~j) (1.4) 
2 2,] 
The factor ~i will take 1 if Voigt index is 1 ,2 , or 3 and the value 2 if Voigt index is 4, 
5, or 6. 
For each different strain mode k1 E2 E3 E4 Es EB] applied to the system, a different 
combination of Cij will be obtained from the coefficient of second derivation of 
12 
energy to strain: When applying strain [E E 0 0 0 OJ: 
1 82E 
Vo acaE = 2Cn + 2C12 
When applying strain [E - E 0 0 0 OJ: 
1 82E 
--- = 2Cn - 2C12 V0 8c8E 
When applying strain [0 0 - E 0 0 OJ: 
1 82E 
Vo 8c8E = c33 
When applying strain [E E E 0 0 OJ: 
When applying strain [0 0 0 E V3c OJ: 
(1.5) 
(1.6) 
(1.7) 
(1.8) 
(1.9) 
From Table.(1.3), the potential used can reproduce the elastic constants from 
both experiment and ab initio calculations. Specifically, C1z, C13 and C44 are in 
good agreement with ab initio and experimental results. Then it is safe to use 
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Table 1.3: Elastic constants calculated from MD and compare with 
ab initio [Gatti et al. , 2003a] and experiment, unit is GPa 
BlnKS I\J~6erg ao inttto Ex~ Cn 234 37 246 20 
c33 214 214 246 216 
c12 96 95 127 120 
C13 84 85 105 104 
c44 74 76 56 44 
these potentials to study electromechanical coupling of ZnO. Bulk modulus, Pois-
son's ratio and Young's modulus can be calculated from elastic constants Cijkl · 
For wurtzite structure, it has been given by Cheng eta/. [Cheng et al. , 2008]. 
1.4 Phase transformation 
Strain [Aiahmed and Fu, 2008], high pressure, loading [Kulkarni et al. , 2006] and 
small thickness [Freeman et al. , 2006] will lead to a phase transformation of ZnO. 
Freeman et a/. [Freeman et al., 2006] found that graphite has a lower energy 
at 5 double layers than (1010) surface and at 9 double layers than (0001) and 
(0001) surfaces, which means there might be a phase transformation to wurtzite 
structure. Wu eta/. [Wu et al. , 2009] point out that this transformation is due to 
the competition between the bond energy, the coulomb energy and the energy 
originating from the dipole field of the wurtzite structure. And this is also found 
at small thickness thin film of ZnO in atomistic simulation(refer to Fig.(1 ·6)). So 
for very small thickness thin film of ZnO, the piezoelectric properties disappear. 
Because of this, we will study surface piezoelectric properties of thin film from 
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thickness without phase transformation. 
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Figure 1-6: Above is original thin film with 4 double layers, below is 
relaxed thin film with 4 double layers, (2IIO) view. There is phase 
transformation and total polarization changes to zero. 
Chapter 2 
Molecular simulation 
The focus of this chapter is the discussion of different electrostatic summation 
techniques that can be used in classical MD. We focus on the distinction between 
those for bulk, infinite and periodic systems to those that can be used for low-
dimensional nanostructures such as nanowires. We also give details regarding 
the implementation of specific electrostatic summation techniques into the MD 
code Gromacs. 
2.1 Long-Ranged electrostatic summations 
Efficient electrostatic summation is important in molecular simulation. Historically, 
the Ewald method [Ewald, 1921] has been widely used with periodic boundary 
condition to deal with the conditional convergent1 Columbic electrostatic summa-
tion. The Ewald summation method is utilized by: (i) artificially imposing structural 
periodicity on the generally aperiodic system, (ii) multiplying the resulting expres-
1 A conditional convergent series does not converge absolutely, but will converge conditionally, 
i.e. the result of the summation in the corresponding infinite series depends on the order of the 
summation.L:;::"=1 <-~)n is conditional convergent. 
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sion by unity (erfc(x) + erf(x) = 1), and (iii) taking the Fourier Transform of the 
error-function part. 
First, opposite charge is added to neutralize the system: Ewald method makes 
it possible to use a small and finite cut-off to calculate long-range electrostatic 
energy. 
~ = _f (_r) + _1 ---=---:! (_:_r) (2.1) 
r r r 
Gaussian density charge is often used to neutralize the charge because it is 
simple to calculate: 
(2.2) 
By using this charge neutralization, the summation in real space is: 
(2.3) 
In Ewald summation, a second charge distribution is added to the system and 
exactly counteracts the first neutralizing distribution. And this part of summation 
is performed in reciprocal space, using Fourier Transformation: 
N N 2 k2 
II 1 L L L 1 qiqj 47r ( ) (k__. __. ) V =- ----- exp -- cos ·ri · 
2 1r L 3 47rco k2 4a2 J 
k~O i=l j = l 
(2.4) 
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The total energy vtotat becomes: 
l N N 
vtotal = 2 LL (2.5) 
i=l j=l 
The energy in real space and reciprocal space both converge much faster, 
so a finite cut-off can be used in calculation of long-range electrostatic energy. 
Direct calculation will have the order of algorithm complexity of O(N2 ). If Fourier 
transformation is used to calculate the long-ranged part, the complexity will be of 
order O(NlnN). 
The key limitation with the Ewald method is that it can only deal with bulk, 
three-dimensionally periodic materials. Therefore, Porto eta/. [Porto, 2000] devel-
oped a modified Ewald method to handle systems with finite extent in two or three 
dimensions. Also, summation letting the shape of a unit cell expand has been 
used successfully to solve the electrostatic Madelung problem in two dimensional 
case, but not successful for three dimensional case [Borwein et al., 1985]. Using 
the Ewald technique, electric potential and electric field, electric field gradient and 
forces also can be calculated [Nymand and Linse, 2000]. Aguado eta/. [Aguado 
and Madden, 2003] has accounted for multipoles in the electrostatic calculation. 
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2.1.1 Wolf summation 
Wolf eta/. [Wolf et al., 1999) developed a new method with spherical cut off for 
the pair-wise electrostatic summation. When considering finite system and the 
surface effects in nano-materials, Wolf method is needed since Ewald method 
relies on periodicity, which is clearly violated at surfaces. Wolf method provides 
an efficient method by direct, pairwise r- 1 summation with spherical truncation 
at rather short range. The atoms in the bulk and on the surface are different 
because with spherical truncation some neighbors of surface atoms are missing. 
Simply put, the Wolf method enables the calculation of electrostatic energies and 
forces using the same type of short-ranged, spherical truncation of neighbors that 
is already used in classical molecular dynamics to calculate mechanical energies 
and forces. 
One issue in electrostatics that arises in using a simple, spherical truncation of 
neighbors is that the environment becomes charged for the ion in the center. We 
could get system energy by subtracting the charge-neutralizing potential associ-
ated with the net system charge from the total energy: 
(2.6) 
Assume that the total net charge outside of the cut-off sphere is located exactly 
19 
at the spherical surface at Rc: 
(2.7) 
The total neutralized part can also be written as: 
(2.8) 
Then the total Madelung energy for the system becomes: 
N N 
EMad(R ) ~ ~""""' """"' qiqj _ ~""""' fut c 2 ~ ~ r·· 2 ~ 
i=l j=fi t) i = l j = l 
(2.9) 
Tij <Rc Tij <Rc 
Rearrange the terms and get the final form of charge neutralization: 
N N 
Mad( ) ,..__ 1 """"' """"' ( 1 1 ) 1 """"' 2 E tot Rc '"" 2 ~ ~ qiqj ~ - R - 2R ~ qi 
i = l jf'i t) c c i = l 
(2.1 0) 
Tij<Rc 
The benefits of using this charge neutralization scheme are shown in Fig. 2·1, 
where the rapid convergence of the Madelung energy for FCC NaCI (Madelung 
constant is 3.495129189266360) using relatively short cut-off distances Rc is ob-
served. 
For diatomic crystal, there is a dipolar solution for electrostatic summation 
[Wolf, 1992], which also converges quickly (refer to Fig.(2·2)): 
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Figure 2-1: Madelung constant for NaCI using charge neutralized 
summation( using Eq.(2.1 0)) 
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Figure 2·2: Dipole solution for Madelung constant of NaCI 
By using Wolf summation in Eq.(2.11 ), results for FCC NaCI are in Fig.(2·3), 
compared with neutralize case in Fig.(2-4). We can see that in fact, the Coulombic 
summation term is short ranged. We choose appropriate damping function to 
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Figure 2-3: Calculation of Madelung energy of NaCI, using damp 
function(use Eq.(2.11 )) 
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Figure 2-4: Comparison of charge neutralized summation(use 
Eq.(2.1 0)) and Wolf summation( use Eq.(2.11) to calculate Madelung 
constant of NaCI 
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damp the Coulomb pair potential directly so as to more quickly flatten out the 
oscillations. In Wolf method, complementary error function is chosen and damped, 
charge-neutralized Coulombic pair potential is: 
N 
_ ( erfc(aRc) ~) "' 2 
2R + 7r112 L...t qt 
c i = l 
1 erfc( aRc) a 2 N ( N 2 ~ ft. QiQ; (V(r;;)- V(R,)) - 2R, + "'/' ) ~ q, 
Tij<Rc 
(2.11) 
where damping function is chosen as V(r) = erfc~m) . 
This is the final form of Wolf summation. The first part is "shifted Ewald po-
tential", and second part is self term for each ion. In simulation, parameter a is 
chosen to make the reciprocal term small enough so that it can be ignored. 
The force for Wolf summation is: 
(2.12) 
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where 
(2.13) 
Using these tricks, the Wolf summation of electrostatic energy converges much 
faster(refer to Fig.(2·3) and (2-4)). This is very important for computation since 
it is sufficient to calculate a few neighbors with small cut-off radius. Then the 
computation load will be much smaller. 
The force and potential of Wolf method do not conserve the relation F = - \7¢. 
Fennell eta/. [Fennell and Gezelter, 2006, Fukuda et al. , 2008] developed a new 
electrostatic summation method from Wolf method: 
Fennell _ . . [erfc(arij) _ erfc(aRc) ( erfc(aRc) 2a ) ( _ R )] V:j - qtqJ R + R2 + l r c 
Tij c c 7r 2 
(2.14) 
In Fig.2·5 and Fig.2·6, Fennell method is used to calculate Madelung constant 
for NaCI and ZnO. As we see, it converges using very small cut off Rc· Fukuda et 
a/. [Fukuda et al. , 2008] point out that Fennell method with force switching method 
has better stability in molecular dynamics simulation. 
To implement these two methods into the molecular dynamics simulation pack-
age GROMACS, we just need to add two more electrostatic summation options. 
In source code file, the file tables.c which contains definition of different options 
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of electrostatic summation method is modified as follow: 
double ewc=fr->ewaldcoeff ; 
if (bWolf) { 
Cwolf1=erfc(ewc*rc)/rc; 
Cwolf2=Cwolf1/rc+2*ewc*exp(-ewc*ewc*rc*rc)/(SqrtPi*rc); 
} 
case etabWolf : 
if (r<rc) { 
Vtab=erfc(ewc*r)/r-Cwolf1; 
Ftab=erfc(ewc*r)/r2+2*ewc*exp(-ewc*ewc*r2)/(SqrtPi*r)-Cwolf2; 
} 
break; 
case etabFennell: 
if (r<rc) { 
Vtab=erfc(ewc*r)/r-Cwolf1+Cwolf2*(r-rc); 
Ftab=erfc(ewc*r)/r2+2*ewc*exp(-ewc*ewc*r2)/(SqrtPi*r)-Cwolf2; 
} 
break; 
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2.1.2 Convergence study 
For the Wolf and Fennell parameter a and Rc, we need to do convergence study 
for ZnO and determine which value to use. An appropriate parameter should give 
correct converged energy in less time. Since a finite cut-off Rc is used to calculate 
long range Colombie force, fast convergence makes it possible to use a small cut-
off radius(which means less summations are needed) and thus saves time. So the 
optimal parameters should be carefully selected. Demontis eta/. [Demontis et al., 
2001] make the conclusion that: (1 ). the cut-off Rc should be much larger than 
5b(b is the largest of the nearest neighbor distances between particles of opposite 
charge); (2). if Rc is larger than dmin/2(where dmin is the smallest simulation box 
side), aaptimal = 4/dmin• otherwise aoptimal = 2/ Rc; (3). for a given simulation box 
and assuming a= 4/dmin· best results are obtained with Rc equal to the radius of 
the sphere circumscribing the simulation box. In our MD simulation, the objective 
is to choose a such that the electrostatic energy converges to results given by 
Ewald method for a sufficiently small Rc. 
In Fig.(2·7) and Fig.(2·8), we show the force and energy convergence of a bulk 
0 atom. We can see that a larger than 3nm- 1 but smaller than 5nm- 1 and Rc 
larger than lnm are sufficient for convergence. 
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Chapter 3 
Polarization and piezoelectricity in 
Simulation 
The focus of this chapter is in introducing existing models, both continuum and 
atomistic, that are used to calculate polarization and piezoelectricity. We will then 
calculate, using classical MD, the bulk piezoelectric constants for ZnO and com-
pare them with other, more accurate first principles calculations. Much of this 
chapter is based on the work of Dai et al. [Dai et al. , 201 0]. 
3.1 Continuum theory 
The electric potential ¢ from position i to a body with charge distribution p(f') is: 
(3.1) 
The charge density can be characterized by monopole charges, dipole mo-
ments, or higher order multipole moments. Using the series expansion, this paten-
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tial can be expanded in the sum of contribution from monopole, dipole, quadrupole, 
and high order multipoles. Since the total electric field E is the gradient of poten-
tial: 
E = - "V <P(r) = _E(o) + i(lJ + _i(2J + .. . , (3.2) 
where E(0) = - 1-fl E(ll = - 1- -E- [3rr- 1] i1 is induced dipole moment The 47rc:o r ' 47rco r3 r2 ' ~"' • 
induced dipole moment j1 for linear polarization is: 
[1 = aE (3.3) 
where a is the polarizability. 
3.2 Piezoelectric constants 
The improper piezoelectric stress tensor eijk is defined as: 
(3.4) 
It is called improper is because different choices of surface termination for calcu-
lation of polarization give different values( refer to Fig.(3·1 )). The value of polariza-
tion and polarization difference for different strain depend on the choice of terminal 
surface. 
There are two variables: macroscopic strain Ei and microscopic strain u(this is 
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Figure 3·1: Different terminations for calculation of bulk polarization 
from a unit cell. The total dipole moment for choice 1 (unit cell be-
tween two red surfaces) and choice 2(unit cell between two green 
surfaces) are different. 
also the lattice parameter u defined previously). In experiment, it is not easy to 
measure contributions from these two independently. In atomistic simulation, they 
can be separated using the chain rule: 
(3.5) 
where clamped-ion term e(o) = aPi 1 internal term eint = aPi 1 . du 
ZJ 8F.j U l ZJ 8u £] dF.j 
When the piezoelectric material is under deformation, the distance between 
centers of positive charge and negative charge changes. This will change total 
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dipole moment and finally macroscopic polarization( refer to Fig.1·5). The polariz-
ability a is composed of two parts: the "atomic polarizability", arises from the dis-
tortion of the ionic charge distribution and the "displacement polarizability", arises 
from ionic displacement [Kittel, 1986, Ashcroft and Mermin, 1976], correspond to 
(O) d int . E 3 20 eij an eij 1n q. . . 
3.2.1 Invariant definition 
In atomistic simulation, proper polarization P is calculated as total dipole moment 
J1.7J = L i qifi divided by current system volume V = Vo(l + Exx)( l + Eyy)( l + Ezz): 
(3 .6) 
To calculate piezoelectric constants for bulk material, a finite sample volume 
needs to be chosen. Eq.(3.6) is used to calculate polarization for each strain 
applied in atomistic simulation. When the termination surface comes across the 
discrete atom, the polarization changes discontinuously. To eliminate this issue, 
an invariant definition of bulk piezoelectric constants eijk is necessary [Vanderbilt, 
2000, Srinivasan, 1970): 
(3.7) 
No matter which termination plane is chosen, the same value of bulk piezoelectric 
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constants will be obtained. 
For wurtzite crystal, piezoelectric constants are: 
(3.8) 
Vanderbilt [Vanderbilt, 2000] has pointed out that under this definition, no mat-
ter where the termination surface in Fig.(3·1) is, it will give the same value of bulk 
piezoelectric constants. 
3.3 Coupled governing equation 
Piezoelectric system is described by coupled electromechanical equations [Nowacki, 
2006]: 
{ 
(J -p -
Di = 
CpqEq - ekq E k 
eiqEq + "'ikEk + P? (3.9) 
where "'ik is dielectric tensor, D i is electrical displacement field, Cpq is elastic 
constant, ekq is piezoelectric stress tensor, Eq is strain, o-i is stress and Ek is electric 
field, P/P is spontaneous polarization(the remnant polarization in the absence of 
strain and external electrical field). 
From the governing equation, piezoelectric stress tensor eij can calculated by: 
(1) applying strain then calculating polarization; (2) applying an external electric 
field and calculating the stress [Berger et al., 2005]. In our MD simulations, option 
(1) is selected. 
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A more general form for the coupled thermal-electrical-mechanical system is 
[Ahmad et al. , 2006, NAN, 1994]: 
D x El 0 0 0 0 0 0 e 15 0 E x 0 
D y 0 El 0 0 0 0 e15 0 0 E y 0 
D z 0 0 E3 e31 e31 e33 0 0 0 E z -,>..3 
O"xx 0 0 - e31 en c12 C13 0 0 0 Exx {31 
O"yy 0 0 - e 31 c12 en C13 0 0 0 X Eyy {32 !::::.T 
(}" zz 0 0 - e33 c 13 C13 C33 0 0 0 Ezz {33 
O"yz 0 - e15 0 0 0 0 C44 0 0 Tyz 0 
(}" xz - e 15 0 0 0 0 0 0 C44 0 rxz 0 
(}" xy 0 0 0 0 0 0 0 0 c66 rxy 0 
(3.1 0) 
where ,>.. i is pyroelectric constant and f3i is stress temperature constant. If tern-
perature is taken into account, this will be used as governing equation instead of 
Eq.(3.9) . 
Once this equation with boundary condition can be solved, it will give analytical 
solution for electric field and strain , stress distribution [Gao and Wang, 2007, Gao 
and Wang, 2009]. Since these equations and material constants are based on 
continuum theory for bulk materials, they do not take surface effects into account. 
3.4 Polarizable point dipole model 
Polarizable Point Dipole Modei(PPDM) is developed from classical rigid ion point 
charge model and can take polarization of each atom into account. For each 
polarizable atom, there is an induced dipole moment due to polarization. Sala et 
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a/. [Sala et al., 201 0] and Yu eta/. [Yu and van Gunsteren, 2005] summarized the 
model in detail. 
Total electric field Ei is given by the sum of the electric field due to the charges 
and the dipoles(high order of multipoles are ignored): 
(3.11) 
where Ef = 4; 100 i# [ 3;J - 1 J, j1i = cxEi . For each atom, there is an induced dipole 
due to electron polarization. And the induced dipole moment for each atom can 
be solved by matrix inversion, iteration, or prediction algorithms [Yu and van Gun-
steren , 2005]. 
3.5 Shell model 
Shell Modei(SM)(refer to Fig .(3 ·2)) is another way to introduce induced dipoles 
into atomistic simulation. In SM, atomic interactions are represented by potentials 
between atoms in the system. Electronic polarization of the atoms is implemented 
by the Dick-Overhauser model [Dick and Overhauser, 1958, Leach, 2001 ], in which 
an atom is considered as a charged core connected to a massless 1 charged shell 
by a harmonic spring. The equilibrium distance between the core and shell rep-
resents the electronic polarization of that atom i.e, the induced dipole. This is 
1 Since the proton-to-electron mass ratio is 1836.1527, electron is regarded as massless. 
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important since there are no electrons in the atomistic simulation, all atoms are 
represented by point charges and the shells approximate the effects of electron 
cloud. 
Both the PPDM and SM have the representation of the electronic charge den-
sity with point charges and/or dipoles and assumption of isotropic polarizability 
and that the electrostatic interactions can be terminated after the dipole-dipole 
term(ignore higher order multipoles). But in SM, the dipole moment is assumed 
to arise from the electron cloud's displacement from the atom center and it is 
possible to specify that the non-electrostatic interaction centers are located at the 
shells. Since the non-electrostatic interactions(the short-range repulsion and van 
der Waals terms) are purely electronic in nature, these interactions are taken to 
act between the shells, rather than the cores. 
The potentials are usually composed of three interactions: electrostatic coulomb 
interactions, van der Waals interactions and short-range repulsive interactions. 
The electrostatic interaction v etec on atom i is the sum of four terms: 
v;elec 
~ 
(3.12) 
, where q and Q are charges of shell and core in Fig.(3·2) ,T.si and Tci represent 
position of the i th shell and core. 
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Figure 3·2: Shell model, dec , dcs .dss .dsc represent the distance be-
tween cores and shells. 
Buckingham two-body potential was used throughout the atomistic simulation 
to represent the non-columbic short-range interactions. It has the form of: 
(3.13) 
For atom without shell, it is treated as a whole ion. For atoms with shell there 
is an additional interaction due to harmonic potential between core and shell. It 
represents the deformation of electron cloud. This force is equal to kf'sc. where 
k is parameterized spring constant between a core-shell pair and the distance 
between the core and shell for atom i is f'sc = f's - ~. 
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The spring interaction between the cores and shells is: 
vspring = ~ k -::12 
2 2 rsc (3.14) 
From the balance of forces on the shell particle: 
(3.15) 
E is the electric field, qs is the charge of shell. And 
(3.16) 
where 11 is the induced dipole. So ion polarizability a is related to q8 and k by [van 
Maaren and van der Spoel, 2001 ]: 
(3.17) 
Combining Eqs. (3.12), (3.13) , and (3.14) gives the total energy of the system 
E as: 
n 
E = ~'""' [vezec + vshort + 2v sprin9 J 2 ~ 2 2 2 (3.18) 
Shell Model is included in Groningen Machine for Chemical Simulation and 
GROMACS is used for all atomistic simulations in this thesis. The position of shell 
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is optimized by a trial and iteration procedure by: 
(3.19) 
which means the n + 1 step of position is determined by the position of n step 
and total force Fs (kb is spring constant). It will stop until the difference of two 
consecutive steps is smaller than a tolerance emtol or it reaches some maximum 
iteration step. 
The shell model has rarely been used to study either the mechanical properties 
[Sun et al., 2007] of ZnO, and, before the present work [Dai et al., 201 0], had not 
been applied to study the piezoelectric properties of ZnO. 
3.6 Bulk piezoelectric stress constants eij 
Bulk piezoelectric materials have long been of interest due to the ability to covert 
mechanical energy to electric energy. Theory [Li et al., 2007a, Mitrushchenkov 
et al., 2009, Xiang et al. , 2006] have demonstrated that due to nano scale surface 
effects, ZnO nanostructures have larger piezoelectric constants than bulk ZnO. 
More mechanical strain energy can be converted through the piezoelectric effects 
into harvestable electrical energy. Herzbach et at. have used molecular dynamics 
to study piezoelectric strain constants d i j [Herzbach and Muser, 2006]. Since OFT 
cannot reach large sizes or take temperature into account, we need to validate 
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that MD simulation with polarizable core-shell model can capture piezoelectric 
effects on bulk and finite ZnO structures. Then MD can be used to design nano-
generators for energy harvesting. 
3.6.1 Methods 
The piezoelectric constants were calculated by considering a wurtzite ZnO nanos-
tructure with 10 x 10 x 10 unit cells in each dimension for a total of 4000 atoms; 
PBCs were imposed in all three coordinate directions to mimic a bulk ZnO crystal. 
The size of the periodic nanostructure was slightly different between the Binks 
and Nyberg potentials owing to the different lattice constants a and c seen in 
Table.(1 .2); the sizes were 3.265 x 2.828 x 5.155 nm for the Binks potential 
and 3.230 x 2.798 x 5.077 nm for the Nyberg potential. All classical atomistic 
simulations were performed using the general purpose molecular simulation code 
GROMACS [Hess et al., 2008], where the long-range Coulombic forces and ener-
gies were calculated using the Ewald summation technique. 
In previous ab initio work [Corso et al. , 1994, Bernardini et al. , 1997, Hill and 
Waghmare, 2000, Noel et al. , 2002a, Noel et al. , 2002b, Catti et al. , 2003b], the 
piezoelectric constants e33 , e31 , and e15 , were calculated according to the following 
relationship [Gatti et al., 2003b]: 
_ (0) + int 
eij - eij eij ' (3.20) 
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(0) - f)Pi I 
eij - n u, 
uE· J 
(3.21) 
(3.22) 
In Eqs. (3.20)-(3.22) , e~J) is the clamped ion term, which in ab initio calculations 
represents the influence of electron delocalization on the piezoelectric proper-
ties, while e!jt is called the internal strain term, and represents the contribution of 
the change in atomic fractional coordinates u to the piezoelectric properties [Gatti 
et al. , 2003b]. 
To calculate the piezoelectric constants using the classical core-shell potentials 
described in the present work, first the polarization P3 is defined as 
(3.23) 
from which the piezoelectric constants, for example e33 , can be calculated as 
f)p3 = 8P3lec(E3) + f)pfis (u(E3)) 
8E3 8E3 8E3 ' 
8P3lec( E3) + f)pfis ( u( E3)) du( E3) 
OE3 ou( E3) dE3 ' 
aP3 I aP3 I du( E3) 
8E3 u + f)u( E3) € 3 dE3 ' 
e(O) + eint 
33 33' (3.24) 
where Pfis(u(E3 )) represents the displacement-based polarization due to changes 
in the fractional atomic coordinate u, i.e. due to the relative displacement between 
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zinc and oxygen atoms, P3zec is the polarization that occurs due to the relative 
separation between the core and shell. 
The classical decomposition in Eqs. 3.23 and 3.24 was chosen such that a 
direct correlation between the terms in the ab inito decomposition in Eq. 3.20 and 
the classical decomposition could be made. First, it can be seen that the second 
term on the right hand side of Eq. 3.24 directly corresponds to the internal strain 
terms in the ab initio expression in Eq. 3.20. Second, we can clearly see that 
the classical analog to the electron delocalization effect, which is the basis for the 
clamped ion term e~~) in Eq. 3.20, is the electron polarization which arises entirely 
from the relative separation between the core and shell. Furthermore, it can be 
seen in Eq. 3.24 that if the shell is not considered in the classical theory, i.e. the 
rigid ion approximation is used, that the clamped ion term e~~) = 0 as there can be 
no polarization between the core and shell [Gatti et al., 2003a]. 
Small strains between -1 and 1% were applied using the strain states de-
fined below to calculate the piezoelectric constants. Specifically, the strain ap-
plied to calculate e33 was prescribed as, following Gatti eta/. [Gatti et al., 2003a], 
[ 0 0 E 0 0 0 J, giving: 
(3.25) 
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For e31 , the applied strain was [ E E 0 0 0 0 J, giving: 
(3.26) 
For e15 , the strain was [ 0 0 0 2E 2v'3E 0 J, giving: 
(3.27) 
We emphasize that the expressions on the right hand sides of Eqs. 3.25- 3.27 
correspond to the values that can be obtained analytically for a classical rigid-ion 
model (i.e. neglecting the effects of the shell) as described by Gatti eta/. [Gatti 
et al., 2003a], which corresponds to considering the displacement polarization 
only in Eq. 3.23. In particular, because the classical rigid-ion model cannot cap-
ture electron polarization due to the relative core-shell displacements, the factor 
multiplying the du/ dE term on the right hand sides of Eqs. 3.25 and 3.26 corre-
sponds to the fJP3 / fJu part of the piezoelectric constant in Eq. 3.24. 
3.6.2 Results and discussion 
The results for the piezoelectric constant e33 calculated using the two classical 
potentials are summarized in Table.(3.1 ). There, all terms, including the clamped 
ion term e~~, and the two terms comprising the internal strain term, along with the 
proper and improper piezoelectric constants are tabulated and compared to the 
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Table 3.1 : Summary of piezoelectric constants e 33 calculated using 
classical interatomic potentials, both with and without the shell, as 
compared with the OFT results summarized in Tables II and V of 
Noel et at. [Noel et al. , 2002a], unit is C/m2 . 
eq ---+ - . 
dujdE3 -0.182 -0.182 -0.217 -0.211 -0.21 ---t -0.254 
EJP3j EJu -6.94 -7.09 -6.94 -7.09 -7.10---t-7.60 
(0) 0 0 -0.26 -0.22 -0.45---t -0.73 e33 
e(o) / eint 0 0 -0.173 -0.147 -0.272---t -0.353 
__;33 33 
1.27 1.29 1.25 1.27 0.89---+ 1.31 e33 = e33 
range of OFT values given in Tables II and V of Noel et at. [Noel et al. , 2002a]. The 
plots resulting from the atomistic simulations from which the values in Table.3.1 
were generated are shown in Fig. 3·3; we note that the values in Table.3.1 were 
obtained by performing linear fits to the data in Fig. 3·3. We note that the no 
shell values in Table.3.1 , which correspond to evaluating only the displacement 
polarization P3dis in Eq. 3.23 , can also be obtained directly by evaluating Eq. 3.25. 
The first thing we observe is that, regardless of whether the shell is utilized 
or ignored, the piezoelectric constant e 33 = e33 for both potentials falls within the 
range of previously published OFT values [Noel et al. , 2002a]. We note that the 
term aP3 / au can be calculated analytically as shown in Eq. 3.25 from the expres-
sian 
aP3 4q 
au '"3 = - v'3a6 . (3.28) 
It is clear from Eq. 3.28 that EJP3jau depends only upon the lattice constant a0 , 
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which is potential dependent; this explains why the Sinks and Nyberg potentials in 
Table.3.1 have slightly different values for this term. 
0.015 Tr======:::;-...------..-..,------.--.-----, 
0.010 
0.005 
-
N E o.ooo 
-() 
~-0.005 
& Binks, Ewald 
T Nyberg, Ewald 
- - - Linear Fit of P3 
- Linear Fit of P3 
-0.010 -0 .005 0.000 0 .005 0.010 
E3 
Figure 3-3: Plots utilized to calculate piezoelectric constant e33 . 
(Top): Equilibrium fractional coordinate u as a function of strain E3 • 
(Bottom): Polarization P3 as a function of strain E3 . 
We also list values for the spontaneous polarization P eq in Table.3.1, where 
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Peq is defined as the difference in polarization ?3 between the ideal wurtzite crys-
tal state (i.e. when u = 0.375), and the minimum energy configuration for the 
ZnO crystal , which occurs at values of u=0.3882 and 0.389 for the two poten-
tials we have considered. This difference in lattice constants also explains why 
the spontaneous polarization P eq that is calculated using the Binks ( -0.092) and 
Nyberg ( -0.099) potentials is about a factor of two to three times larger than the 
values ranging from about -0.03 to -0.06 that have been reported using OFT cal-
culations [Noel et al. , 2002a]. Specifically, because the minimum energy config-
urations for both potentials occur for the lattice ratio u = 0.3882 or u = 0.389 in 
Table.(1.2), both of which are larger than the value of u = 0.382 that was reported 
in the previous OFT calculations [Noel et al. , 2002a], the spontaneous polarization 
that is predicted by the classical potentials is correspondingly larger. 
However, if the individual terms comprising the piezoelectric constant, i.e. the 
clamped ion and internal strain terms, are considered, the importance of consid-
ering the shell becomes apparent. First, Table.(3.1) demonstrates that when the 
shell is considered, for both the Nyberg and Binks potentials, the du/ dE3 term be-
comes more negative due to increased relaxation effects, and thus becomes more 
accurate as compared to the OFT results which range between -0.21 and -0.254. 
More importantly, Table.(3.1) demonstrates that when the shell is neglected, the 
clamped ion term e~~ = 0, which is obviously incorrect physically. This result is 
consistent with the result given by Gatti eta/. [Gatti et al. , 2003aJ, who noted that 
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any rigid ion model will give a zero clamped ion term for a periodic system. 
However, when the core-shell interactions are accounted for, the clamped ion 
term e~~) for the Sinks and Nyberg potentials take values of -0.26 and -0.22, re-
spectively. While these values have the correct sign, they are about 50% smaller 
than the lower bound OFT value of -0.45. Furthermore, the underprediction of the 
clamped ion term has a strong effect on the expected ratio between the clamped 
ion and internal strain contributions to the piezoelectric constant ( e~~ I e~1t ) seen 
in Table.(3.1 ). Specifically, that ratio as calculated using both classical core-shell 
potentials is also at least 50% smaller than the expected ratio from previous OFT 
calculations. Both of these results are likely due to the fact that while the core-
shell spring constant in Eq. 3.17 was fit to reproduce the ion polarizability [Binks 
and Grimes, 1994, Lewis and Catlow, 1985, Nyberg et al. , 1996), it was not fit to 
reproduce the piezoelectric constants, i.e. a softer spring connecting the core and 
the shell would lead to a larger electron polarization. 
Overall, the classical potentials qualitatively capture the tendency found in OFT 
calculations of the piezoelectric constants of ZnO that the clamped ion contribution 
e1~) to the total piezoelectric constant e33 is relatively small as compared to other 
tetrahedrally bonded semiconductors such as ZnS [Oalcorso et al. , 1994], which 
indicates that the core-shell potentials capture the importance of strain-induced 
internal relaxation between anion and cation sublattices for the piezoelectric re-
sponse of ZnO. 
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Table 3.2: Summary of proper e31 and improper e31 piezoelectric 
constants calculated using classical interatomic potentials, both with 
and without the shell , as compared with the DFT results summarized 
in Table V of Noel eta/. [Noel et al. , 2002a]. 
0 
-0.54 
2.15 
0 
-0.49 
2.27 
0.199 
-0.53 
2.16 
0.108--+0. 31 
-7.10--+-7.60 
0.22--+0.38 
0.185 0.287--+0.343 
-0.48 -0.51 --+-0.69 
2.28 
The results for the piezoelectric constant e31 calculated using the two classical 
potentials are summarized in Table.(3.2). There, all terms, including the clamped 
ion term e~~l , and the two terms comprising the internal strain term, along with the 
proper and improper piezoelectric constants are tabulated and compared to the 
range of DFT values given in Table V of Noel et at. [Noel et al. , 2002a]. We also 
show in Table.(3.2) the value of the polarization P3 that is needed to evaluate the 
proper piezoelectric constant e31 in Eq. 3.26, where P3 is the value of the polar-
ization that is calculated assuming the equilibrium, zero strain lattice constants for 
each potential that are given in Table.(1.2) 
The plots resulting from the atomistic simulations from which the values in 
Table.(3.2) were generated are shown in Fig.(3-4). We note that the biaxial nature 
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of strain that is needed to calculate e31 is written as 
du du 1 du 
dE12 d(El + Ez) 2 dE' (3.29) 
while 
(3.30) 
As can be seen in Table.(3.2), the terms comprising the piezoelectric con-
stant e 31 that were calculated using the classical potentials again show reasonable 
agreement with those obtained from OFT, with similar trends and shortcomings as 
observed previously in Table.(3.1) for e33 . Specifically, the value for duj dE, while 
positive for e31 rather than negative, increases and becomes more accurate as 
compared to the OFT results when the shell is included. Similarly, the clamped 
ion term e~~) is zero when the shell is ignored, but takes on a finite, positive value 
when the shell is considered. 
We also note that due to the opposite signs that are observed for du/ dE and 
8P3 /8u in Table.(3.2), the internal strain term e11t is negative. This is important as 
it means that the classical core-shell potentials are able to capture, in a qualitative 
manner, the fact that the biaxial strain state described in Eq. 3.29 produces inner 
ionic relaxations that oppose the strain directions, as is expected from previous 
OFT calculations [Gatti et al. , 2003a]. 
Similar to the clamped ion term e~~), the value of the clamped ion term e~~) 
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Figure 3·4: Plots utilized to calculate piezoelectric constant e31 . 
(Top): Equilibrium fractional coordinate u as a function of biaxial 
strain c. (Bottom): Polarization P3 as a function of biaxial strain c. 
is at least 50% smaller than the corresponding DFT value. This underprediction 
of the clamped ion term also manifests itself in the ratio between the clamped 
ion and internal strain contributions to the piezoelectric constant e31 in Table.(3.2) . 
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Specifically, the e~~) 1 e~1t ratio as calculated using the classical core-shell paten-
tials is again about 40-50% smaller than the expected ratios from previous OFT 
calculations. 
Table.(3.2) also demonstrates the necessity of calculating the proper piezo-
electric constant e31 using Eq. 3. 7 rather than the improper piezoelectric constant 
e31 . Specifically, the improper piezoelectric constant e31 takes on a large, positive 
value. However, when the polarization P3 is added back to e31 , small negative 
values of e31 are obtained that are in line with previous OFT calculations. 
Table 3.3: Summary of proper e15 and improper e15 piezoelectric 
constants calculated using classical interatomic potentials, both with 
and without the shell , compared with the OFT results summarized in 
Table Ill of Gatti et at. [Gatti et al. , 2003a] . 
0.22 
-0.46 
We finally discuss the final piezoelectric constant of interest e15 ; the calculated 
values using both core-shell potentials is shown in Table.(3.3) , while the plot of 
polarization versus strain from which the piezoelectric constants were obtained 
are shown in Fig.(3 ·5) . We note first that following from Eq. 3.8, the proper (e15} 
and improper (e15 } values of the piezoelectric constant should be different, as is 
observed in Table.(3.3). Second, we note that the polarization P1 vanishes for ZnO 
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Figure 3-5: Polarization P1 versus strain E plot that was utilized to 
calculate piezoelectric constant e1s · 
at zero strain; this is due to the symmetry of the wurtzite crystal that exists in the 
plane of the crystal. 
The trends are similar as for the previously calculated piezoelectric constants 
e33 and e31 . Specifically, the clamped ion term in this case is significantly smaller, 
by nearly an order of magnitude, as compared to the OFT calculation; however, 
it does have the correct sign. However, similar to what was found for the other 
piezoelectric constants e33 and e31 , the calculated value for e15 is found to be com-
parable to the reported OFT value. 
One possible reason for the very small value of the clamped ion term for e15 
arises due to the isotropic nature of the spring force that describes the core-
shell interactions [Binks and Grimes, 1994, Lewis and Catlow, 1985, Nyberg et al., 
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1996]. Specifically, because the shear strains that are needed to calculate e15 re-
sult in smaller changes in bond lengths than either the uniaxial or biaxial tension 
that is applied to calculate e33 or e31 , a smaller force is generated to separate the 
core and shell in shear, thus leading to a smaller electron polarization. It there-
fore seems possible that e15 could be improved by utilizing an anisotropic spring 
force between the core and shell , for example as described by van Maaren and 
Spoel [van Maaren and van der Spoel, 2001 ]. 
3.6.3 Conclusion 
We have demonstrated that classical polarizable core-shell interatomic potentials 
are able to qualitatively capture the piezoelectric properties of bulk ZnO as com-
pared to benchmark OFT calculations. Specifically, we have demonstrated that 
when the effects of the polarizable shell are accounted for, the core-shell poten-
tials are able to qualitatively capture the effects of the clamped ion contribution to 
the piezoelectric constants. 
The main shortcoming of the classical potentials is that they significantly un-
derpredict the value of the clamped ion contribution ei~) to each of the piezo-
electric constants, though it may be possible to improve this by directly fitting the 
core-shell parameters to reproduce the piezoelectric constants for the material 
of interest. Despite this shortcoming, the present results suggest that classical 
polarizable core-shell interatomic potentials should be sufficiently accurate to be 
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useful in analyzing the piezoelectric properties of ZnO nanostructures via large 
scale atomistic simulations. 
3. 7 Piezoelectric strain tensor diJ 
Piezoelectric strain tensor is defined by polarization induced by stress: 
(3.31) 
where "'ik is dielectric tensor, D i is electrical displacement field, Spq is elastic com-
pliance constant, dkq is piezoelectric strain tensor, P? is spontaneous polarization. 
To calculate dii , the most commonly used method is calculating strain with differ-
ent external electric field with stress fixed. 
Table 3.4: Piezoelectric strain coefficients dii (pC N - 1) calculated 
from MD eij and Cij for wurtzite ZnO and compare with ab initio [Gatti 
et al., 2003a] and experiment 
1n s 
Nyberg 8.91 -3.73 -6.11 
ab initiO 8.0 -3.7 -8.2 
from exp. eii and Cij 9.0 -4.8 -8.4 
Ex 12.3 -5.1 -8.3 
Zhao eta/. [Zhao et al. , 2004] found the enhancement of piezoelectric strain 
tensor of ZnO NW in experiment. Fu eta/. [Fu et al. , 2007] found enhancement 
of piezoelectric strain tensor of ZnO microtube. Karanth eta/. [Karanth and Fu, 
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2005] used OFT to calculate electromechanical coefficient d33 using the proce-
dure given by Fu et a/. [Fu and Bellaiche, 2003] and found that the electrome-
chanical response of ZnO originated from the strong coupling between strain and 
polarization. And they showed that the main effect of electric fields in wurtzite 
semiconductors is not to elongate the polar bonds, but to rotate those bonds that 
are non-collinear with the polar axis. This suggests that the electromechanical 
response in wurtzite structure materials is mainly dominated by bond bending. 
Herzbach eta/. [Herzbach and Muser, 2006] have used shell model to calcu-
late piezoelectric strain tensor of quartz. The steps are: first run two simulations 
with the same temperature and pressure at constant stress ensemble(NPT), but 
one without external electric field and used as reference state, the other with elec-
tric field changing with time; differentiation of strain difference between the two 
simulations to electric field gives the piezoelectric strain tensor dtj = o(E~2,(:rt)) 
The piezoelectric strain constants dii from MD eii and Cii are listed in Table.(3.4). 
d33 and d31 are in good agreement with ab initio results. The deviation of d15 might 
be from the deviation of elastic constant 0 44 . 
In order to study the atomistic mechanisms underlying the large electrome-
chanical response of ZnO, we created a wurtzite ZnO nanostructure with 10 x 10 x 
10 unit cells in each dimension for a total of 4000 atoms; periodic boundary condi-
tions were imposed in all three coordinate directions to mimic a bulk ZnO crystal. 
The unit cell was then subject to an applied electric field, while the positions of the 
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Zn and 0 atoms were allowed to move in response to the field. First, the system 
is evolved in time for 10 ps using a Berendsen thermostat, followed by applica-
tion of a Parrinello-Rahman thermostat for 1 0 ps. After this, external electric field 
will be turned on and running in Berendsen thermostat for 400 ps then Parrinello-
Rahman thermostat for 1 00 ps. The average box size change gives the strain for 
different electric field and slope gives the piezoelectric strain tensor d33 and d31 . 
All dynamics are running in NPT ensemble at 0 Pa. Electric field strength varies 
from -0.04 V/ A to 0.04 V/ A. 
The d33 = 7.04 pC/N at 300 K, which is 78% of MD results from indirect method. 
Due to symmetric of the wurtzite structure, there is a relation d31 = - ~d33 . 
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Figure 3·6: Bond rotation mechanism at 300K as shown in (b) . The 
atoms are labeled as shown in (a). 
<l 
As we can see from Fig.[3·6], the bond length dzn1-o1 which is parallel to the 
electric field is elongated by external electric field and slope is 0.6506 A2 / V (0.278 
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A 2 jV in [Karanth and Fu, 2005] ) . And the bond length do1 -zn2 which is non-
parallel to electric field almost does not change significantly and slope is -0.1601 
A2 jV . And the distance z01 _zn2 is decreasing by a slope of -0.996 A2 /V(-0.61 0 
A2 jV in [Karanth and Fu, 2005] ). This reveals that the external electric field 
applied on wurtzite structure mainly rotate the bond which is non-parallel to the 
polar direction, rather than elongate the polar bond. This important finding is 
already reported [Fu and Cohen, 2000] and verified by OFT [Karanth and Fu, 
2005]. 
After investigation of bulk piezoelectric properties, we need to verify the poten-
tial for surface piezoelectric properties. This will be done in Chapter 4. 
Chapter 4 
Size and Surface Effects on the 
Piezoelectricity of Thin ZnO Films 
Since the surface to volume ratio(S/ V f"V 1/ l) will increase as the size of nanos-
tructures decreases, surface effects become very important at nano scale. Very 
few studies have been done to study size and surface effects on the piezoelec-
tric properties of ZnO nanostructures. In contrast, with regards to mechanical 
properties, Chen eta/. [Chen et al. , 2006] reported a size dependence of Young's 
modulus in [0001] oriented ZnO NWs with diameters 17-550 nm. This is possibly 
due to surface bond saturation [Zhou and Huang, 2004], bulk nonlinear elastic-
ity [Liang et al. , 2005], and surface stress [Wolf, 1991 ,Shim et al., 2005]. Zhang et 
a/. [Zhang and Huang, 2006] find Young's moduli of ZnO nanoplates increase as 
size thickness decreases by ab initio calculation and this is due primarily to sur-
face bond saturation. Agrawal eta/. [Agrawal et al. , 2008] reported elasticity size 
effects of ZnO NW by a computational-experimental combined approach. Hu et 
at. [Hu and Pan, 2009, Hu et al. , 2008] also reported a increasing elastic modulus 
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with decreasing diameter of NW and thickness of nanofilm by atomistic simula-
tion. Because of the coupling between mechanical properties and piezoelectric 
behavior, we expect that there will be size and surface effects on electromechan-
ical properties of ZnO nanostructures. Much of this chapter is based on the work 
of Dai et al. [Dai et al., 2011 ]. 
In this chapter, using a combination of a theoretical framework and atomistic 
calculations, we highlight the concept of surface piezoelectricity that can be used 
to interpret the piezoelectricity of nanostructures. We focus on ZnO. In a rather 
interesting interplay of symmetry and surface effects, we show that nanostruc-
tures of certain non-piezoelectric materials may also exhibit piezoelectric behavior. 
Through our atomistic calculations, we present the so-called surface piezoelectric 
constants of ZnO. These can be then be used in the context of continuum the-
oretical frameworks [Shen and Hu, 201 0] to solve boundary value problems of 
interest. 
Another key outcome of the current work is the assessment of the ability of 
classical core-shell interatomic potentials to capture the non-bulk polarization, and 
thus the piezoelectric properties of nanostructures. Ab initio methods have been 
utilized for many years to calculate the bulk piezoelectric properties of nanos-
tructures. However, computational expediency motivates the use of empirical in-
teratomic calculations in the intermediate size-range (> 5 nm) which is often of 
interest to experimentalists. Furthermore, classical molecular dynamics can eas-
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ily handle temperature effects including the phenomenon of pyroelectricity, which 
is difficult to model using ab initio techniques. The previous work by Dai eta/ [Dai 
et al., 201 0] demonstrated that the widely used polarizable core-shell potentials 
for ZnO, i.e. those of Binks eta/ [Binks and Grimes, 1994] and Nyberg eta/ [Ny-
berg et al., 1996], are indeed (when contrasted with first principle calculations) 
able to reproduce the bulk piezoelectric constants. One of their conclusions was 
that the presence of the polarizable shell is essential in capturing the clamped ion 
contribution to the piezoelectric material constants. The fidelity of these core-shell 
potentials to capture surface effects is unknown and such an assessment is also 
one of the objectives of this chapter. 
4.1 Theoretical Framework for Surface Piezoelectricity 
In this section, we briefly summarize the work of Shen and Hu [Shen and Hu, 
201 0], who recently presented a theoretical framework for surface piezoelectricity. 
The surface internal energy density us , as a function of surface strain, surface 
polarization, and their first gradients may be expanded as follows: 
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where Es is the surface strain tensor and ps is the surface polarization. We can 
rewrite us as: 
where Usa , wa , r af3 , a;f3 , c;f3-rK, and e;f3-r are the surface material constants. In 
particular, e;f3-r represents the surface piezoelectric third order tensor. The linear 
surface constitutive equations can then be expressed as: 
(4.3) 
Then 
where (Js and E s are the surface stress and the surface effective local electric field 
respectively. Similarly, the bulk constitutive equations can be written as [Shen and 
Hu, 2010]: 
(4.4) 
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4.2 Surface Piezoelectric Tensor and Renormalization of Piezo-
electric Tensor for Thin Films 
For a 3D nanostructure, the bulk piezoelectric tensor, in its most general form, can 
be represented as a 3 x 6 matrix in some suitable basis. Analogously, the surface 
piezoelectric tensor can be represented as a 2 x 3 matrix. Using the symmetry of 
the surface stress tensor, we obtain eijk = ejik 1 . Therefore, the nonzero campo-
nents of the piezoelectric surface constants are ef1 , ef2 , e~1 , e~2 , ef6 and e~6 • The 
matrix expressing the surface piezoelectric constants in 2D may be extended in 
3D where only these aforementioned components remains nonzero. In particular, 
for the case of hexagonal ZnO (6mm symmetry) where the 3-direction is consid-
ered perpendicular to the isotropic surface, all the bulk piezoelectric components 
are zeros except for ef5 , ef1 and ef3 . The components of the surface piezoelectric 
tensor for the (0001) (or (OOOI) ) surfaces are zero. For (OliO) (or (OilO) ) sur-
faces only three components are nonzero ( ef5 , e~1 and ef5 ). Similarly for (lOIO) 
and (I010) only ef5 , e~1 and ef5 are nonzero. For the latter, we have the following 
relations: e~4 = ef5 and e~2 = e~1 . The internal energy density w (incorporating 
surface contributions) for a rectangular medium of thickness h can be expressed 
as follows: 
us 
w = -+ UB 
h 
(4.5) 
1 eijk represent piezoelectric stress tensor. The relation of eijk in Shen's paper [Shen and Hu, 
201 0] and piezoelectric stress tensor eijk is: (Eni - 8ni)eij k = -Eoenjk· Eni is dielectric tensor. 
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where U8 is the surface internal energy density function and UB is the bulk internal 
energy density function. Then, according to Shen and Hu [Shen and Hu, 201 0], 
the total energy density function can be written in the following form: 
(4.6) 
, where Eq.4.6 is a direct consequence of c:~ = c:~ = Eij and Pf = Pf = P k . 
Therefore the effective piezoelectric coefficient resulting from the surface and 
bulk contributions can be calculated as following: 
(4.7) 
We generalize this formula of effect piezoelectric constants to piezoelectric 
stress tensor. For an applied strain, the ith polarization component has the follow-
ing expression: 
s 
P _ p ·sp pB pS ~ psp B eijk · - · + · + · - · + e .. kEJ·k + - E3·k t t t t t tJ h (4.8) 
where PtP is the spontaneous polarization in the ith direction (in case of ferro-
electrics), piB and P{ are, respectively, the bulk and the surface polarizations 
contributions, e~k and e~k are, respectively, the bulk and the surface piezoelectric 
stress tensor, c: represents the applied strain and h is the thickness of structure in 
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the z-direction . We can then write that 
(4.9) 
Thus, Eq.4.7 provides an expression for the apparent piezoelectric constant of 
a thin film duly incorporating surface piezoelectricity. The following table summa-
rizes the polarization vector components expressions for applied uniform strain in 
different directions, where the numbers 2 and 4 represent the number of contribut-
ing surfaces: 
Table 4.1: Induced polarization expressions due to applied uniform 
strain 
b.P1 b.P2 ~p3 label 
E = E00 e 1 ®e1 0 0 eB + 2 e~l I Eoo 31 h a 
E = E00 e2@ e2 0 0 B es ) E00 b e + 2_;n 31 h 
E = E00e3 0 e3 0 0 B es Eoo e + 4:::;n c 33 h 
E = E00 €1 @ e3 ( eB + 2~ ) E00 15 h 0 0 d 
E = E00e2@ e3 0 ( e f 5 + 2~) E00 0 e 
E = E00 e 1 @ e 2 0 0 0 f 
The overall recipe to determine all the bulk ( ef5, e f 1 and e f 3) and surface ( 
e f 5 , e~1 and e~3 ) piezoelectric unknowns is clear: we can use equations (a-d in 
Table.4.1) and evaluate the polarizations with the same applied strain for two thick-
nesses h1 and h2 . Solving 6 equations with 6 unknowns (a and bin Table.4.1 can 
be combined together by applying the same strain in both directions simultane-
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ously), we can determine all the bulk and the surface piezoelectric coefficients. 
Also, to improve accuracy, we can calculate the effective piezoelectric constant, 
for each case, for different thicknesses and fit the results with the appropriate 
equation. 
To simulate a thin film , z direction is [0001] direction and PBC is applied in xy 
plane. First the thin film is relaxed with top and bottom layer free. We get a relaxed 
thin film equilibrated with free surface. When calculating e31 , strain was applied in 
xy plane. Since there is PBC in xy direction, after strain was applied, strain in xy 
plane was fixed automatically. And top and bottom layers are fixed to keep E3 = 0, 
which means only effective e31 is calculated and no contribution from e33 . For e33 , 
first strain is applied in z direction, then top and bottom layers of atoms are fixed to 
fix the strain. After energy minimization, the dipole moment was calculated from 
the whole system (thin film). Fennell parameter a = 3nm-1 and cut-off radius 
Rc = lnm are used in reasonable range according to previous convergence study. 
Initially the thin film contracts towards the bulk. 
Table 4.2: Effective piezoelectric constants e~~ (in C /m2) for different 
thicknesses of ZnO thin film, and compare with OFT results 
According to the surface piezoelectric theory [Eiiseev et al., 201 0], surface 
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Table 4.3: Effective piezoelectric constants e~r for different thick-
nesses of ZnO thin film, and compare with OFT results 
piezoelectric constants are defined for thin film study as: 
the factor 2 comes from the two top and bottom surfaces. 
(4.1 0) 
4.3 Comparison between first principles and empirical molec-
ular dynamics results 
Our results are based on theoretical formulas introduced in Table 4.1 , and com-
putational calculations performed using first principle code Quantum Espresso 
and classical molecular statics using the publicly available code GROMACS [Hess 
et al. , 2008]. The quantum code was validated through calculation of surface en-
ergy and comparison with results published by Li et a/. [Li et al., 2007b]. The 
surface energy is defined as the difference between the total energies of the film 
model and the bulk model with the same number of primitive cells divided by the 
number of the Zn-0 double layers. Our calculations show that the surface ener-
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Figure 4-1: Fit for effective e33 (1eft) and e31 (right) 
gies are 2.53 eV (for 28) and 1.56eV (for 48) compared to 2.48 eV and 1.52 eV 
reported by Liet a/. [Li et al., 2007b]. In the following , we present Figure 4·2 for the 
effective piezoelectric coefficients e~~ and e~~ : 
In order to estimate the bulk constant ef3 and the surface constant ef3 , we 
1.4 
N' 
< 
1.2 
E 
u 1.0 
.l!l 0.8 <:: 
.l!l 
til 
<:: 0.6 0 
0 
.g 0.4 • • ' 
t5 • 
'* 0.2 
67 
_..._ e33, Binks. no shell 
-..- e33, Blnks, shell 
- • - e33, DFT(presentresults} 
- .... e33,Li et al. 
-~- e31, Binks, no shell 
- .,_ e31, Binks, shell 
_,._ e31, DFT(present results} 
2 Q) 0.0+------------------1 
·a. 
g.! -0.2 '\ ............ 
tl \ .......... 4 \ "'*-- ..... __ ~ -0. * ""* ""*..... .,._- .,._- .,._- .,._- ... 
4 8 12 16 20 24 28 32 36 40 
number of Zn-0 double layers 
Figure 4·2: Fit for effective piezoelectric constants and compare 
with OFT results and Li eta/. [Li et al., 2007b] 
fit both the OFT and MD results (the same results are plotted in Figure 4-2) to 
s 
the theoretical model {e~~ = e~3 + 4 e~3 ) introduced by equation (c) in Table 4.1. 
The present study shows that the OFT results give e~3 = 1.22 C jm2 and e~3 =-
0.15E-9 C /m2 compared, respectively, to e~3 = 1.24 C /m2 and e~3 =-0.125E-9 
C j m2 calculated using Li et als results. In contrast, the MD results give a surface 
piezoelectric constant of e~3 =-0.32E-9 C / m2 • 
The same fitting technique is used to determine the bulk constant ef1 and the 
surface constant e~1 . Our OFT and MD results shown in Figure 4-2 are fitted to 
. s 
the theoretical model {e~r = e~1 + 2~ ) described by Equations (a) and (b) from 
Table 4.1. The fitting shows that for OFT e~1 = -0.59 C / m2 and e~1 =0.1 E-9 C j m2 
. In contrast, using classical MD, we obtain e~1 =0.29 E-9 C /m2 . As was the case 
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for the surface piezoelectric constant , we find that the MD result is larger than the 
OFT result. 
Figure 4·2 summarizes the effective piezoelectric constants e33 for different film 
thicknesses. It is clear that the MD results are qualitatively similar to the OFT re-
sults, though the effective piezoelectric constant is always smaller for the same 
film thickness. This leads to the surface piezoelectric constant from MD being 
larger and more negative than the OFT results. Physically this implies that the 
piezoelectric properties as obtained using MD are less bulk-like than those ob-
tained using OFT. We also note that both the MD and OFT results, as expected, 
converge to the bulk value of e33 with increasing film thickness. The MD results, 
however, converge more slowly. One interesting point is that Figure 4·2 demon-
strates that in both the present OFT results for e~3 and the previous OFT results 
of Li et at. [Li et al. , 2007b], the value approaches and appears to increase to a 
value greater than the bulk value for ef3 , where in contrast the MD results do not 
overshoot the bulk value at any point. 
Figure 4·2 also shows different effective piezoelectric constants e31 for different 
thickness ZnO nanofilms. The OFT results are seen again to converge much more 
quickly to the bulk value of e~1 = -0.59 C jm2 with increasing nanofilm thickness 
as compared to the MD results, which again show the same qualitative trend as 
the OFT results. 
The surface piezoelectric values physically represent the difference in piezo-
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electric behavior as compared to the reference bulk system, similar to how surface 
energy is calculated thermodynamically as an excess value with the perfect infinite 
crystal energy as the reference value [Noel et al. , 2002a] Interpreted in this way, it 
is clear that the piezoelectric properties of ZnO nanostructures with polar (0001 )-
type surfaces are (for the cases we studied) always less than the corresponding 
bulk values. Furthermore, because the MD values are larger than the OFT values 
for both surface piezoelectric constants, future MD studies of surface effects on 
piezoelectricity can be interpreted as exhibiting a stronger deviation from the ex-
pected bulk piezoelectric properties than would otherwise be expected based on 
the present OFT results. 
Table 4.4: Surface piezoelectric constants from Eq.(4.1 0) 
Table 4.4 summarizes the comparison between OFT and MD results for both 
the bulk and surface piezoelectric constants. While the MD results are equally 
accurate for the bulk piezoelectric constants, their fidelity suffers when dealing with 
surfaces although the established trends are qualitatively correct. Furthermore, 
it is interesting to note that inclusion of the polarizable shell for the core-shell 
potentials has an insignificant effect on the surface piezoelectric properties; this 
is similar to what was observed previously by Dai eta/ [Dai et al. , 201 0] for the 
bulk piezoelectric constants, where the shell did enable a non-zero clamped ion 
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term, but did not change the values of the piezoelectric constants appreciably. 
In this sense, an analogy can be drawn to MD calculations of surface energy or 
surface stress, where it also is well-known that the MD results are qualitatively, 
and not quantitatively correct when compared to benchmark OFT results [Wan 
et al. , 1999]. Still , the results are promising as they do suggest that the core-shell 
interatomic potentials are sufficiently accurate as to be utilized to study size and 
surface effects on the piezoelectric properties of ZnO nanostructures with polar 
(0001 )-type surfaces. 
4.4 Hexagonal NW 
Agrawal eta/. [Agrawal and Espinosa, 2011] has found enhancement of piezoelec-
tric constants at small sizes of ZnO hexagonal NW. Xiang eta/. [Xiang et al. , 2006] 
also find hexagonal [0001] ZnO NWs with diameter up to 2.8 nm have larger ef-
fective piezoelectric constant than bulk due to free boundary. Cicero eta/. [Cicero 
et al., 2009] find that for the smallest ZnO hexagonal NWs, the average dipole 
is opposite to that of an infinite bulk structure. It is interesting that the nonpo-
lar surfaces (O liO) and (2HO) of ZnO also have important impact of piezoelectric 
properties of ZnO at nanoscale. 
In atomistic simulation , we tested [0001] oriented with (OliO) lateral face hexag-
onal NW. First step, hexagonal NW is relaxed to get a equilibrated NW. We found 
axial elongation and radial contraction, which is also reported by Agrawal eta/. 
71 
[Agrawal et al., 2008]. Then axial strain and radial strain are applied to relaxed 
NW. Strain are kept fixed by fixing the outmost layer of atoms and NW are relaxed 
again. Polarization P3 is calculated and e~~ and e~r can be obtained from the slope 
of fitting P3 to strain. Using potential parameters from Nyberg eta/. [Nyberg et al., 
1996], aspect ratio is 4, results are in Table.(4.5) and Fig(4·3). Fennell method is 
used for electrostatic summation. 
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Table 4.5: Hexagonal NW relaxation, using potential parameters 
from Nyberg eta/. [Nyberg et al., 1996], aspect ratio is 4. 
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Figure 4·4: Effective piezoelectric constants e33 of ZnO hexagonal 
NW 
Agrawal eta/. [Agrawal and Espinosa, 2011] studied hexagonal ZnO NW from 
0.6rv2.4 nm and find effective piezoelectric coefficient e33 is enhanced by almost 
50 times as size decreases. Compare to our results in Table.4.5 range from 
2.26,......,4.85 nm, we get the same trend and our e33 is enhanced by 4.3%. Agrawal 
eta/. [Agrawal and Espinosa, 2011] pointed out that the enhancement was mainly 
due to the volume deduction at very small size.The result for hexagonal NWs is 
also served as a preliminary study for the rectangular NWs in the next chapter. 
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Chapter 5 
Surface Effects on the Piezoelectricity of 
ZnO Nanowires 
We utilize classical molecular dynamics to study surface effects on the piezoelec-
tric properties of ZnO nanowires as calculated under uniaxial loading. An impor-
tant point to our work is that we have utilized two types of surface treatments, 
those of charge compensation and surface passivation, to eliminate the polariza-
tion divergence that otherwise occurs due to the polar (0001) surfaces of ZnO. 
In doing so, we find that if appropriate surface treatments are utilized, the elas-
tic modulus and the piezoelectric properties for ZnO nanowires having a variety 
of axial and surface orientations are all reduced as compared to the bulk value 
as a result of polarization-reduction in the polar [0001] direction. The reduction in 
effective piezoelectric constant is found to be independent of the expansion or con-
traction of the polar (0001) surface in response to surface stresses. Instead, the 
surface polarization and thus effective piezoelectric constant is substantially re-
duced due to a reduction in the bond length of the Zn-0 dimer closest to the polar 
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(0001) surface. Furthermore, depending on the nanowire axial orientation, we find 
in the absence of surface treatment that the piezoelectric properties of ZnO are 
either effectively lost due to unphysical transformations from the wurtzite to non-
piezoelectric d-BCT phases, or also become smaller with decreasing nanowire 
size. The overall implication of this study is that if enhancement of the piezoelec-
tric properties of ZnO is desired, then continued miniaturization of square or nearly 
square cross section ZnO wires to the nanometer scale is not likely to achieve this 
result. This chapter is based on the work of Dai and Park [Dai and Park, 2012]. 
5.1 Introduction 
Piezoelectricity has long been a property of interest for bulk materials as it en-
ables the direct conversion of mechanical strain into harvestable electrical en-
ergy [Roundy, 2005, Anton and Sodano, 2007]. While the interest in bulk piezo-
electric materials has existed for some time, there has recently been significant in-
terest in studying the piezoelectric behavior and properties of nanomaterials [Voon 
and Willatzen, 2011]. Much of the interest has centered around ZnO, which was 
recently utilized by Wang eta/. [Wang and Song, 2006, Song et at., 2006] to gen-
erate electrical energy through application of bending deformation via an atomic 
force microscope (AFM). ZnO has proven to be a versatile choice for nanoscale 
piezoelectrics as it exhibits both semiconducting and piezoelectric properties [Wang 
and Song, 2006], because it can be fabricated in a wide range of nanometer 
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shapes and geometries [Wang et al., 2004], and because it has the largest piezo-
electric response of any tetrahedrally bonded semiconductor [Dalcorso et al., 1994]. 
Since the initial discovery in 2006, there have since emerged, though not without 
controversy [Aiexe et al., 2008], a wide range of interesting applications involv-
ing ZnO [Wang, 2011, Xu et al., 201 0], GaN [Su et al., 2007], and other nanos-
tructures [Chaetal., 2010, Xu et al., 2010, Zhu et al., 2010, Voon and Willatzen, 
2011, Sun et al., 201 0]. 
In addition to the wide range of potential applications, recent experimental [Zhao 
et al., 2004] and computational [Xiang et al., 2006,Mitrushchenkov et al., 2009, Dai 
et al., 2011, Momeni et al., 2012] work has suggested that due to nanoscale 
surface effects, ZnO nanostructures may exhibit different piezoelectric properties 
than bulk ZnO. These non-bulk piezoelectric properties may couple with the re-
cent finding that ZnO nanostructures exhibit mechanical properties, and specifi-
cally Young's modulus that also shows a clear size-dependence due to surface ef-
fects [Chen et al. , 2006, Agrawal et al., 2008] to potentially enable ZnO nanowires 
(NWs) to produce more mechanical strain energy that can be converted through 
the piezoelectric effect into harvestable electrical energy than bulk ZnO. 
However, a key issue that has not been resolved is how surface effects impact 
the piezoelectric properties of ZnO NWs. In other words, will making ZnO NWs 
smaller lead to enhanced piezoelectric properties? We note that the NW geometry 
has been studied for other materials, for example using molecular dynamics (MD) 
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for BTO [Zhang et al. , 2009, Zhang, 2010, Zhang et al. , 2011 ), forGaN NWs using 
ab initio techniques [Agrawal and Espinosa, 2011 ], and also using recently devel-
oped analytical theories [Shen and Hu, 2010, Yan and Jiang, 2011 a, Morozovska 
et al. , 2010, Majidi et al. , 201 Oa, Majdoub et al. , 2008). The piezoelectric properties 
of ZnO nanostructures, though excluding surface effects, have also been stud-
ied primarily using ab initio calculations [Karanth and Fu, 2005, Alahmed and Fu, 
2008) ; the surface piezoelectric properties of ZnO were recently studied by [Dai 
et al. , 2011 ], though the effects on one-dimensional NWs were not considered. A 
recent MD study did consider ZnO nanobelts [Momeni et al. , 2012), though only 
for the [0001] orientation in which the transverse surfaces are not the polar (0001) 
surfaces and in which surface treatment, as described in the following paragraph, 
were not considered. The one-dimensional NW geometry is critical to study and 
understand because it is most often utilized in application [Wang, 2011 ), where 
the NWs are subject to axial [Chaetal., 2010, Yang et al., 2009, Xu et al. , 201 0], 
bending [Wang and Song, 2006, Wang et al. , 2007b] or shear deformations [Ma-
jidi et al. , 201 Ob]. Furthermore, ZnO NWs can be synthesized with a variety of 
axial and surface orientations [Zhao et al. , 2004], and cross sectional geome-
tries [Agrawal and Espinosa, 2011), which will impact the piezoelectric properties 
in different fashions. Therefore, a comprehensive understanding of how surface 
effects impact the piezoelectric properties of ZnO NWs, and how the piezoelectric 
properties of ZnO NWs vary with different surface and axial orientations of ZnO 
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NWs remains unresolved. It is the purpose of this work to shed insight into these 
issues, by virtue of classical MD simulations. 
A related, and important issue this work addresses is the effect of the treat-
ment of the polar ZnO (0001) surfaces on the piezoelectric properties. Specif-
ically, as previously discussed by [Tasker, 1979] and subsequently by other re-
searchers [Noguera, 2000, Wander et al., 2001, Kresse et al., 2003], when there 
is a dipole moment in the repeat unit normal to the surface of an ionic crystal, the 
electrostatic energy diverges, and the surface energy goes to infinity. Because of 
this, there are typically three techniques that are employed in atomistic simulations 
to eliminate this effect: charge compensation (CC) [Kresse et al., 2003, Dai et al., 
2011 ], surface reconstruction (SR) [Meskine and Mulheran, 2011, Duet al., 2008] 
and surface passivation (SP) or adsorption [Stengel, 2011 ]. These stabilization 
techniques are utilized because such reconstructions and passivation have been 
observed experimentally [Lauritsen et al., 2011, Lai et al., 2010, Dulub et al., 2003], 
and they have also been widely used in first principles calculations [Dag et al., 
2011, Wander and Harrison, 2001]. In contrast, they have rarely been utilized in 
classical MD simulations [Jia et al., 2007, Dai et al., 2011] to avoid the divergence 
of the electrostatic potential. While it is crucial to adopt one of these surface 
treatments for electrostatic stabilization, such treatments have not been utilized 
in previous MD studies of the size-dependent elastic properties of ZnO [Kulka-
rni et al., 2005], or ab initio studies of the piezoelectric properties of other ZnO 
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NWs [Agrawal et al., 2010,Agrawal and Espinosa, 2011]. We will demonstrate the 
issues that arise in the electromechanical properties of ZnO if no surface treat-
ment is undertaken. 
5.2 Methods 
We utilized classical MD to study the piezoelectric properties of ZnO NWs. Specif-
ically, we used the open source GROMACS 4.0 molecular simulation code [Hess 
et al. , 2008] while employing the Buckingham potential of [Sinks and Grimes, 
1994] to model the various Zn-0 interactions. The Binks potential has been widely 
utilized to study the mechanical deformation of ZnO NWs [Kulkarni et al., 2005]. 
However, until recent work by the authors for both bulk ZnO [Dai et al., 201 0], and 
subsequently for the surfaces of ZnO [Dai et al., 2011 ], the performance of the 
Sinks potential for the piezoelectric properties of ZnO had not been investigated. 
Both works found the accuracy of the classical Sinks potential to be comparable 
to benchmark ab initio calculation results [Dalcorso et al., 1994]. 
The lattice parameters we used for ZnO were a0=3.2709 A, c0=5.1386 A and 
u=0.3882. For the electrostatic interactions, we utilized the approach of [Fennell 
and Gezelter, 2006], who improved on the original work of [Wolf et al. , 1999] by 
ensuring that the electrostatic potential and force smoothly truncate at the cut-off 
radius, which results in stability for MD simulations [Fukuda et al., 2008]. The ap-
proach of [Fennell and Gezelter, 2006], which enables the convergent calculation 
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(a) (b) 
Figure 5·1: Four atom unit cell (in green rectangular box) for the 
wurtzite crystal structure; (b) Three ZnO NWs considered in this 
work. From top, the axial orientations are along the [OliO], [0001] 
and [2ITO] directions. The z-direction is chosen to be along the [0001] 
direction for all NW orientations. 
of the electrostatic energies and forces using a finite cut-off distance, is needed for 
the present simulations due to the fact that the standard Ewald method assumes 
an infinite, periodic crystal which is certainly not the case here due to the surface-
dominated NW geometries. The errors introduced by using the Ewald summation 
as compared to the Wolf technique for finite-sized NWs were recently quantified 
by [Gdoutos et al. , 201 0]. The specific parameters for the Fennell method that 
we utilized for ZnO were a = 3 nm-1 , rc=1 nm; these parameters were previously 
found to give convergent results for the piezoelectric properties of ZnO [Dai et al. , 
2011]. 
We considered nearly square cross section ZnO NWs with cross sectional 
lengths ranging from 2 to 4 nm. We did not consider NWs with cross sectional 
sizes smaller than 2 nm because at these small sizes, a transformation into either 
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Table 5.1: NW dimensions for all three orientations considered in 
Fig. 5·1, where Nx, Ny and N z represent the number of unit cells in 
each direction. The aspect ratio for each NW is chosen to be 4:1. 
ax1a 
case orientation 
A2 [2ITO] 
A3 
82 [OliO] 
83 
C2 [0001] 3.40 
C3 3.97 
a nonpiezoelectric d-8CT lattice structure [Kulkarni et al., 2008, Sarasamak et al., 
2008, Wang et al., 2008, Wang et al., 2007a] or a shell structure [Kulkarni et al., 
2005] occurred as was previously predicted using MD simulations. The specific 
combinations of axial and surface orientations we considered are illustrated in 
Fig. 5·1, with the NW sizes summarized in Table 5.1, where the [2ITO], [OliO] 
and [0001] directions are always chosen to be parallel to the x , y and z axes. No 
periodic boundary conditions were utilized in any direction, which implies that a 
truly finite-sized NW geometry subject to surface effects was considered in the 
present work, and that the NW sizes listed in Table 5.1 are the actual sizes used 
for the MD simulations. 
We performed MD simulations of tensile axial deformation. For the tensile 
loading, both ends of the NW were first allowed to relax dynamically to a new 
equilibrium length in response to surface stresses by using a 8erendsen thermo-
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left end right end 
Figure 5-2: Illustration of fixed (left end (blue) and right end (green)) 
and free (red and gray) atoms for axial loading. The NW shown has 
a [0001] axial direction. 
stat [Berendsen et al., 1984] for up to 400 ps depending on the NW cross sectional 
size. After the new equilibrium length was found, two unit cells at each end of the 
NW, as illustrated in Fig. 5·2, were held fixed while the NW was equilibrated us-
ing a Nose-Hoover thermostat [Hoover, 1985] for 20 ps. After these two initial 
equilibrium steps, the ends of the NW were displaced axially at strain increments 
of 0.25% and held fixed while the NW was relaxed for 20 ps. After each strain 
increment, both ends of the NW were held fixed while the remainder of the NW 
was dynamically equilibrated for 1 00 ps using the Nose-Hoover thermostat at a 
temperature of 300K. The loading was increased until an axial strain of 20% in 
tension was reached. 
Loading can be applied by displacement, velocity profile, or force on one end 
while keep another end fixed. Young's modulus can be got from uniaxial loading 
to study size dependent elastic modulus of nanowire and nanofilm. There are two 
ways to get Young 's modulus: one way is the slope of a - E curve at zero strain 
gives Young's modulus: Y = ( ~~) IE=o ; the other way is the second derivative of 
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Figure 5-3: Illustration of surface passivation via (lett) adsorption 
of an H atom on 0 terminated (0001), and (right) OH adsorbed on 
the Zn terminated (0001) surface leading to a 2 x 1 pattern tor both 
· surfaces. (red: 0 , grey: Zn, white: H) 
· . 1 (a2u) I energy to stra1n.Y = no a E2 E=O · 
For the surface treatments to avoid the electrostatic divergence, we note that 
the surface atoms on the (0001) polar surfaces of ZnO have three nearest neigh-
bors instead of tour as does a bulk Zn or 0 atom. For the SP treatment, we added 
an H atom to the a-terminated surface, and added an OH molecule to the Zn ter-
minated surface in order to saturate dangling bonds, which, as illustrated in Fig. 
5·3, results in a 2 x 1 passivation on both the 0 and Zn-terminated polar (0001) 
surfaces. The 2x 1 passivation is used in our work for multiple reasons. First, as 
previously mentioned it has been observed experimentally [Lauritsen et al. , 2011] 
and has been used in previous OFT calculations [Dag et al., 2011, Wander and 
Harrison, 2001 ]. Furthermore, it is also the smallest passivation pattern that we 
can use on the NW polar surfaces due to the relatively small cross-sectional sized 
NWs we consider in this work. The potential parameters for both the Zn-0 inter-
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Table 5.2: Buckingham parameters for the Zn-0 interactions 
from [Sinks and Grimes, 1994], and also for the H-0 interactions 
taken from [de Leeuw and Parker, 1998] for the surface passivation. 
S~ecies A (eV} e (A} C (eVA6} 
0 -02 9547.96 0.21916 32.0 
Zn2+-02- 529.70 0.3581 0.0 
Zn2+-zn2+ 0.0 0.0 0.0 
H+-o2 396.27 0.25 0.0 
actions as modeled using the potential of [Sinks and Grimes, 1994], as well as the 
parameters for the H-0 interactions needed for the surface passivation as taken 
from [de Leeuw and Parker, 1998] are listed in Table 5.2. This passivation is also 
realistic as it is common for the environment to contain some water or humidity; 
the effects of water on the elastic properties of ZnO have also recently been inves-
tigated [Yang et al. , 2011 ]. We note the likelihood that the piezoelectric properties 
of ZnO will depend on the specific passivation that is utilized in computation, or 
that occurs experimentally. 
For the surface treatment using CC, the methodology is much more straight-
forward. Because each Zn and 0 atom on a polar (0001) surface has 75% of the 
neighbors of the corresponding bulk atom (i.e. 3 instead of 4) , the charge of the 
top layer of Zn and .0 atoms is reduced to 75% of the formal charge from ±2e to 
± 1.5e [Noguera, 2000, Dai et al. , 2011]. The CC surface treatment can also be 
physically justified as enforcing partial covalence of the surface atoms as com-
pared to bulk atoms. We also note that the SP and CC surface treatments can be 
used for other polar crystals [Avraam et al., 2011, Stengel, 2011]. 
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The key value of interest we will report is the change in polarization for the 
NW as a function of the applied mechanical deformation. This parameter is key 
for design of nanogenerators as a larger polarization is directly related to a higher 
output voltage [Shao et al., 201 Ob, Gao and Wang, 2007, Sun et al., 201 0], and 
thus more electrical energy generation [Kamel et al., 2010, Yan and Jiang, 2011 a, 
Sun et al., 201 0]. For the axial loading, we accomplish this by calculating, for each 
state of strain, the polarization of each unit cell, then summing over the entire NW 
to calculate the total NW polarization, where the unit cell is defined by the group 
of four atoms in the green box in Fig. 5·1 (a), i.e.: 
4 N 
"""' ZiQi """' Pcell = ~ 0 ,P3 = ~Pcezz/N i=l cell j=l 
(5.1) 
where Pcell is the polarization for a single unit cell, P3 is the polarization of the NW 
in the polar [0001] direction, N is the total number of unit cells in the system, q 
is the charge on each atom and z is the coordinate of each atom. We note that 
the effective piezoelectric constants are calculated using the invariant definition 
of [Vanderbilt, 2000]: 
(5.2) 
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5.3 Numerical results 
5.3.1 Mechanical properties 
We first discuss the effect that the different surface treatments (CC vs. SP) have 
on the elastic properties of ZnO NWs, where the results are summarized in Fig. 
5-4. The Young's modulus for each orientation was calculated by normalizing by 
the bulk Young's modulus for each orientation, which were taken to be 156.2 GPa 
for the [2110] and [OliO] orientations and 119.7 GPa for the [0001] orientation [Lee 
et al., 2003]. The results are consistent for all three NW orientations considered: 
the Young's modulus is highest when no surface treatment is performed (original), 
followed by SP followed by a substantial reduction for the CC case. Furthermore, 
the modulus is observed to increase with decreasing size for all three orienta-
tions for the original case, which is consistent with previous MD simulation reports 
on ZnO NW elastic properties [Kulkarni et al., 2005], whereas a size-dependent 
decrease in Young's modulus is observed for both the CC and SP cases. The 
Young's modulus is lowest for the CC case because of the reduction in formal 
charge for the surface atoms, which leads to reduced interaction energies, forces 
and thus stiffness for the surface atoms, and for the [0001] and [OliO] orientations 
leads to a Young's modulus that is smaller than the bulk value for the smallest NW 
sizes we considered. The modulus for the SP case is similar to the no treatment 
case, but is typically slightly smaller and is found to be larger than the bulk value 
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Figure 5·4: Bulk-normalized Young 's modulus for the three NW ori-
entations and geometries summarized in Table 5.1 for CC, SP, and 
original (untreated) surface treatments. 
for all sizes considered. 
While the Young's modulus trends and values in Fig. 5-4 may seem surprising, 
the atomistic origin of these trends can be observed as shown in Figs. 5·5 and 5·6, 
where the atomic structure before any axial loading is applied is shown for both 
the [OliO) and [2110) orientations. Specifically, it is shown that for both the [OliO) 
and [2ITO) orientations, if no surface treatment is performed, as has been the 
case in previous calculations [Morgan and Madden, 2007, Morgan, 2009, Morgan, 
201 0], the WZ lattice structure is unstable and transforms to a d-BCT structure. In 
fact, this transformation occurs during the initial relaxation phase of the simulation 
for all NW sizes we have considered, and therefore the Young's moduli for the 
[OliO) and [2110) orientations in Fig. 5-4 correspond to that of the d-BCT, and 
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(a) 
z 
t· 
(b) 
Figure 5·5: (a): Snapshot of the atomic configuration at zero tensile 
strain for SP, original and CC surface types for the [OliO] orienta-
tion showing that the SP and CC NWs keep the original WZ lattice 
structure, while the original NW has transformed to a d-BCT phase. 
(b) Comparison of the (left) WZ lattice structure to the (right) d-BCT 
lattice structure (taken from the blue rectangular box in (a)), where 
two unit cells are chosen and highlighted in blue for comparison to 
show the typical rectangular structure of the d-BCT phase. 
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(a) 
(b) 
Figure 5-6: (a): Snapshot of the atomic configuration at zero tensile 
strain for SP, original and CC surface types for the [2ITO] orienta-
tion showing that the SP and CC NWs keep the original WZ lattice 
structure, while the original NW has transformed to a d-BCT phase. 
(b) Comparison of the (left) WZ lattice structure to the (right) d-BCT 
lattice structure (taken from the blue rectangular box in (a)) , where 
two unit cells are chosen and highlighted in blue for comparison to 
show the typical rectangular structure of the d-BCT phase. 
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not WZ structure. We note that regardless of the surface treatment, no initial 
transformation occurs for the [0001] NWs because the polar direction is along the 
axial direction for this case. 
In contrast, the SP and CC cases for both the [OliO] and [2ITO] orientations 
result in a stable WZ structure for the NW sizes we have considered, which 
demonstrates if the polarization divergence due to the polar (0001) surfaces is not 
treated, the WZ lattice structure is not stable and transforms to the d-BCT struc-
ture. The transformation to the d-BCT phase will have significant ramifications on 
the piezoelectric constants, as we will discuss shortly. Before continuing to that 
discussion, we note that after yield, the NWs transform into a non-piezoelectric 
structure [Kulkarni et al., 2008, Sarasamak et al., 2008, Wang et al., 2008, Wang 
et al., 2007a, Kulkarni et al., 2005]. Specifically, the [OliO] NW transforms to a 
hexagonal [Kulkarni et al., 2006] phase, while the [0001] orientation transforms to 
the d-BCT phase [Agrawal et al., 201 0]. The transformation to a non-piezoelectric 
phase can also be observed by the post-yield behavior in the polarization vs. strain 
curves in Figs. 5·7, 5·8 and 5·9, which we discuss next in further detail. 
5.3.2 Piezoelectric constants 
The polarization vs. strain for all three NW orientations is shown in Figs. 5·7, 5·8 
and 5·9. The first issue to point out is that, if CC or SP is utilized for the [OliO] 
and [2110] orientations in Figs. 5·7 and 5·8, the polarization is linearly dependent 
0 0.02 0.04 
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Figure 5·7: Polarization vs. strain for axial loading along the [2ITO] 
direction for different NW sizes. Inset (a) Size-dependent effective 
piezoelectric coefficient e~~; (b) Polarization vs. strain for original 
(untreated surface) NW. 
on strain until yield, which occurs around 10% tensile strain for both orientations. 
However, as seen in Figs. 5·7(b) and 5·8(b), if no surface treatment is utilized, 
the slope of the polarization vs. strain curve varies significantly even at very small 
amounts of applied tensile strain. Furthermore, due to the transformation from the 
WZ to non-piezoelectric d-BCT structure, as shown in Figs. 5·5(b) and 5·6(b) , the 
polarization vs. strain curves are quite noisy and do not converge with decreasing 
size, which is a direct result of the non-piezoelectric d-BCT structure. We note that 
for the [2ITO] orientation, the relevant effective piezoelectric constant is e~r , while 
for the [OliO] orientation , the relevant effective piezoelectric constant is e~~ · 
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~ 
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Figure 5-8: Polarization vs. strain for axial loading along the [OliO] 
direction for different NW sizes. Inset (a) Size-dependent effective 
piezoelectric coefficient e~~; (b) Polarization vs. strain for original 
(untreated surface) NW. 
The [0001] orientation exhibits a different polarization vs. strain response than 
the [OliO] and [2ITO] orientations because, as previously discussed, the WZ phase 
is stable without any surface treatment. Therefore, as shown in Fig. 5·9, the slope 
of the polarization vs. strain curve is linear even for the original surface case. 
However, it is clear that the slope for the original surface is significantly higher than 
the slopes for the CC and SP cases. A simple argument as to why the original, 
untreated surface leads (incorrectly) to a larger piezoelectric constant can be given 
as follows: the dipole moment for the original NW with untreated surfaces can be 
estimated as Moriginal = 2*2e*d1N, where d1 and d2 are the layer distances that are 
10.1 
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Figure 5-9: Polarization vs strain for axial loading along the [0001] 
direction for different NW sizes. Inset (a) Zoom in to the small strain 
regime; (b) Size-dependent effective piezoelectric coefficient e~~-
related by d1 = d20_5u_u, N is number of unit cells in the polar [0001] direction. The 
so Moriginal c:,; ~ = 1.475. This explains why in Table 5.3 the original e ett is larger Mcc 8u- 1 33 
than e~~ from CC and SP, and demonstrates the necessity of CC and SP to obtain 
the correct effective piezoelectric constants. 
A summary of the effective piezoelectric constants for all orientations and sizes 
is given in Table 5.3, where a comparison of the bulk piezoelectric constants as 
calculated for the [Binks and Grimes, 1994] potential are given for reference. As 
can be seen, there is a decrease in effective piezoelectric constant with decreas-
ing size if the CC and SPare utilized. Our previous MD and OFT study [Dai et al. , 
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Table 5.3: Summary of effective piezoelectric constants (units of 
C/m2) for the different NW sizes and orientations from Table 5.1. 
Comparison with the bulk piezoelectric constants from [Dai et al., 
201 0] provided for reference. Labeling for NWs is the same as in 
Table 5.1 for consistency. 
cc 
SP A2 
A3 
82 
83 
Original C2 
C3 
2011] also found that the effective piezoelectric coefficients of ZnO thin film de-
crease as the film thickness decreases. The decrease in e~~ is less dramatic, with 
the reduction reaching 16.6% for the smallest NW sizes considered. In contrast, 
the reduction in e~~ and e~~ is more dramatic, reaching 80.0% for the smallest NW 
sizes considered for e~~. As found before for the Young's modulus, the reduction 
in the piezoelectric constants is generally larger if CC is utilized as compared to 
SP. 
We now address the mechanism underlying the smaller piezoelectric constants 
that we have found for the CC and SP surface treatments. The approach we take, 
similar to previous works [8ehera et al., 2008, Zhang et al., 2009, Zhang, 201 0], is 
to analyze the polarization on a unit-cell basis through the polar [0001] direction 
of the NWs. For the [2TIO] and [OliO] orientated NWs, the variation in unit cell 
polarization through the NW polar [0001] direction is shown in Fig. 5·1 0, where the 
polarization at the surfaces corresponds to the polar (0001) surfaces. As shown 
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in Fig. 5·1 0, the unit cell polarization at the surface is reduced by more than 1 0% 
for the CC surface treatment for both NW orientations, while the surface unit cell 
polarization reduction is smaller, i.e. less than 5% for all SP-oriented NW sizes. 
The polarization reduction is largest at the polar surface for both CC and SP, then 
converges to the bulk value as the interior of the NW is reached. 
The atomistic deformation leading to the reduction in polarization for the sur-
face unit cells as shown in Fig. 5·1 0, and thus the reduction in effective piezo-
electric constant as shown in Table 5.3 is shown in Fig. 5-11, which shows a 
snapshot of a surface unit cell for the [2ITO] oriented ZnO NW with size A3, with 
atomic displacements resulting from both CC and SP surface treatments. It is at 
first glance surprising that both surface treatments lead to decreases in the effec-
tive piezoelectric constants with decreasing NW cross sectional size because the 
surface contracts for CC and expands for SP in the [0001] direction in response 
to surface stresses as shown in Fig. 5·11. However, the important parameter for 
the polarization is not the absolute displacement of atoms near the surface, but 
instead the relative displacements between the Zn-0 atoms that comprise each 
of the two dimers in the surface unit cell , as can be seen through inspection of 
Eq. 6.6. Specifically, the relative distance between the Zn-0 dimer closest to the 
surface in Fig. 5·11 is -0.0107 nm and -0.0018 nm for the CC and SP surface 
treatments, respectively. Similarly, the bond length change between the Zn-0 
dimer one dimer into the bulk is 0.0063 nm and -0.0009 nm for the CC and SP 
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surface treatments. It is thus clear that while the surface atoms show different re-
laxations for the CC and SP surface treatments, in both cases there is a decrease 
in distance between the Zn-0 dimer at the surface which is significantly larger 
than the distance change for the Zn-0 dimer that is one dimer into the bulk, and 
furthermore the bond length decrease is much larger for CC than SP. This relative 
decrease in surface dimer bond length explains the decrease in polarization in 
Fig. 5·1 0, and thus effective piezoelectric constant in Table 5.3, and also why the 
decrease in effective piezoelectric constant in Table 5.3 is much greater for the CC 
than SP surface treatments. 
To further investigate the validity of our calculated piezoelectric constants for 
the CC and SP surface treatments, we compare against existing OFT results for 
the effective piezoelectric constants of ZnO NWs. Specifically, OFT calculations 
by [Xiang et al., 2006) and [Liang-zhi et al., 2008) also found a decrease in ef-
fective piezoelectric constants e~~ and e~~~ with decreasing NW size, which is the 
same trend as found in the present work. We note that the comparison is not ex-
act, as the NWs in the OFT calculations had a hexagonal cross section oriented 
in the [0001] direction that was enclosed by (OliO) surfaces. However, [Liang-zhi 
et al., 2008) studied NW diameters from 3.1 to 0.4 nm and reported a decrease 
in e~~ from 1 .5 to 1 .31 C/m2 , for a reduction of 14.5%. In the present work, the 
reduction in the effective piezoelectric constant e~~ of our original, CC and SP 
rectangular NWs with cross sectional sizes from 2-4 nm oriented along the [0001] 
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Figure 5·1 0: Variation in unit cell polarization through the NW [0001] 
direction for both the (a) [2ITO] and (b) [OliO] axial orientations, which 
demonstrates the reduction in surface unit cell polarization as com-
pared to the bulk. The polarization of each unit cell is normalized by 
the polarization of a bulk unit cell. 
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Figure 5·11: Side view of the surface unit cell (four atoms, or two 
Zn-0 dimers) for the [2110] oriented ZnO NW with size A3. The red 
and blue arrows show the atomic displacements for CC and SP, re-
spectively, with the values labeled in the corresponding boxes. The 
image shows that while the surface atoms contract for CC, but ex-
pand for SP in the [0001] direction, the relative distance between 
the Zn and 0 atoms that comprise the dimer nearest to the surface 
becomes smaller for both CC and SP. 
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direction were found to be 14.9%, 9.13% and 13.0%, respectively. 
A final, but very important question to address is whether the CC and SP sur-
face treatments will necessarily lead to a decrease in the effective piezoelectric 
constants of the NWs due to the fact that they reduce charge, and thus polarization 
at the NW surfaces. While our results did in fact show a reduction in piezoelectric 
constant with decreasing NW size for all NW geometries and orientations consid-
ered, other literature results suggest that this need not be the case. Specifically, 
we note the recent work of [Agrawal and Espinosa, 2011 ], who studied the piezo-
electric properties of GaN and ZnO NWs, albeit with a hexagonal cross section 
as compared to the nearly square cross sections considered in the present work. 
They also observed a charge and polarization reduction with decreasing NW size 
due to surface effects. However, because of the strong contraction of the trans-
verse surfaces, the reduction in volume (see Eq. (6.6)), of the NW becomes more 
important than the reduction in surface charge, leading to a predicted increase in 
the effective piezoelectric constant for very small ( < 2 nm diameter) NWs. These 
results also suggest that the cross sectional geometry may play a critical role in 
determining the size-dependence of the piezoelectric constant tor NWs, as our 
preliminary studies also show an increase in effective piezoelectric constant with 
decreasing size for hexagonal ZnO NWs. 
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5.4 Conclusions 
We have utilized classical molecular dynamics to study surface effects on the 
piezoelectric properties of ZnO nanowires with three different ([2ITO], [OliO] and 
[0001]) axial orientations. A key finding is that treatment of the polar (0001 ) sur-
face via charge compensation or surface passivation is required to prevent the 
divergence of the electrostatic energy. In the context of the atomistic simulations 
performed here, we demonstrated that not treating the surfaces to remove the 
electrostatic energy divergence results in spurious transformations of the initial 
wurtzite phase to a d-BCT phase. With regards to the piezoelectric properties, 
the piezoelectric constants of the transformed d-BCT phase, which occurred for 
nanowires with untreated surfaces, were nearly one order of magnitude smaller 
than those calculated for nanowires whose surfaces had been treated using either 
the charge compensation or surface passivation techniques. 
Overall, our results show that the [2ITO] oriented nanowires have a larger effec-
tive piezoelectric constant than the [OliO] oriented nanowires. However, if proper 
treatment of the polar surfaces was performed, the effective piezoelectric con-
stants for all nanowires were found to decrease with decreasing size, with all 
values smaller than the respective bulk ones. We further demonstrated the un-
derlying atomistic mechanism for the reduction in piezoelectric constants, in that 
regardless of whether the surface expanded or contracted in response to surface 
stresses, the bond length of the Zn-0 dimer closest to the surface was found to 
101 
decrease, thus causing a decrease in polarization at the nanowire surface and 
the corresponding reduction in effective piezoelectric constant. Our overall find-
ing is therefore that due to the observed decrease in piezoelectric constant for 
all three nanowire orientations with decreasing size, we recommend that larger 
diameter square or nearly square cross section nanowires be utilized in practical 
applications if maximum energy generation or harvesting using ZnO nanowires is 
desired. 
Chapter 6 
Conclusions and Future Work 
The major direction for future research on piezoelectric effects on ZnO nanos-
tructures will focus on on the electromechanical properties of ZnO under bending 
deformation. Bending is an important mode of deformation as it is the bending 
mode that is perhaps most widely utilized experimentally. Furthermore, previ-
ous work [McDowell et al., 2008] has shown that, for very small nanostructures, 
the elastic properties of NWs can vary as measured via axial deformation and 
bending. We first outline preliminary work we have performed for piezoelectric 
properties of ZnO under bending, then close with concluding remarks. 
6.1 Bending NW 
The electrical potential distribution of a bending NW has been studied by the-
oretical calculation and FEM simulation [Gao and Wang, 2007, Gao and Wang, 
2009, Shao et al., 201 Ob, Mantini et al., 2009, Schubert et al., 2008, Shao et al., 
201 Oa] . Mantini eta/. [Mantini et al., 2009] use FEM to study the electrostatic 
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potential distribution of a bending ZnO NW for different donor concentration, ap-
plied force and geometric paramters. A donor concentration ND > 1018cm- 3 will 
neutralize the electric potential acros~ the NW. Gao eta/. [Gao and Wang, 2009] 
and Shao eta/. [Shao et al., 201 Oa] also found that the carrier concentration will 
affect the piezoelectric potential of bending NW. Chen eta/. [Chen and Zhu, 2007] 
have used FEM to study bending strength and flexibility of (0001) oriented ZnO 
NW (diameters from 85-542 nm) and find fracture strain limit between 4%- 7%. 
However, the surface effects are missing from these studies. Yan et a/. [Yan and 
Jiang, 2011 a] take surface effects into account in the study of electromechanical 
coupling behavior of piezoelectric NW, but the surface piezoelectric constants that 
are needed for the theory have not been calculated to-date, except for ZnO as 
shown in this thesis. Therefore, atomistic studies that can capture the surface 
effects and calculate surface piezoelectric coefficients under bending are needed. 
6.1.1 Theoretical calculation 
Gao eta/. [Gao and Wang, 2007] used the perturbation theory to get a analytical 
result of the potential distribution of a bending NW with diameter a and length l. 
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First they used the stress distribution O"i j by Saint-Venant theory of bending: 
JY 1 + 2v 
--- xy 
4fxx 1 + V 
JY 3 + 2v [ 2 2 1 - 2v 2] 
I xx 8(1 + v) a - y - 3 + 2v X 
_fty(l- z) 
fx x 
(6.1) 
where I xx = lyy = ~a4 , jy is the force applied on the end of NW, and v is Poisson's 
ratio. Finally they get electrical potential distribution rp by perturbation theory to 
first order: 
{ 
-
1
-_b__[2(1 + v)e + 2Ve - e J [ Ko + 3KJ. !:_ - r 3 ] a3 Sill e 
8KJ. IxxE 15 31 33 KO+KJ. a a3 
rp = 8: 1
1uE [2(1 + v) e15 + 2ve31- e33] [~+~; f!:.J a 3sin8 K J. xx KQ KJ. r 
r < a 
r~a 
(6.2) 
where E is the elastic modulus, /'l,ij is dielectric tensor. 
The potential at tensile and compressive ends are: 
(T,C) _ 3 [ _ _ a 3 
'Pmax - ± ( ) e33 2(1 + v)e15 2ve31] l3 Vmax 4 /'1,0 + /'l,_L (6.3) 
, where Vmax is the maximum deflection of the NW tip and Vmax = 3l~3 . We XX 
can see that the aspect ratio and deflection are important in design of the high 
efficiency nanogenerator. 
Shao eta/. [Shao et al., 201 Ob] developed the potential distribution based on 
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the same solution of stress distribution in Eq.(6.1 ). The relation of stress a ii • 
polarization Pi, piezoelectric strain constants dii• volume charge density Pv and 
potential distribution <p is: Pm = ~i dmiai, Pv = -\7 · P, tl2<p = -7-(c: is dielectric 
constant). Solve the Poisson's equation and get the potential distribution: 
{ 
iL (d15 - d33) [ co+3c _I_ - r 3 ] sin(} r <_ a 27rc co+c a 2 a 4 
<p = f y (d d ) ( 2c 1) · I) 
27rc 15 - 33 co+c:;:: S1ll u r > a 
(6.4) 
Using the relation dii 
compliance tensor sjk is: 
1 -v -v 0 0 0 
-v 1 -v 0 0 0 
1 -v -v 1 0 0 0 
- (6.5) E 0 0 0 -2(1 + v) 0 0 
0 0 0 0 -2(1 + v) 0 
0 0 0 0 0 -2(1 + v) 
, we will find Shao and Gao got the same solution. 
Sun et at. [Sun et al., 201 0] give the analytical solution of rectangular NW, 
hexagonal NW and 20 nanofilm(NF) based on similar procedure, and estimated 
the potential, output power and energy conversion efficiency by static and dynam-
ics analysis. 
Since these methods are based on continuum theory for bulk material, they do 
not take surface effects into account. MD simulation of bending NW is needed. 
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6.2 Methods 
We utilized classical MD to study the piezoelectric properties of ZnO NWs. Specif-
ically, we used the open source GROMACS 4.0 molecular simulation code [Hess 
et al., 2008] while employing the Buckingham potential of Binks eta/. [Binks and 
Grimes, 1994] to model the various Zn-0 interactions. The Binks potential has 
been widely utilized to study the mechanical deformation of ZnO NWs [Kulkarni 
et al., 2005]. However, until recent work by the authors for both bulk ZnO [Dai 
et al., 201 0], and subsequently for the surfaces of ZnO [Dai et al., 2011], the per-
formance of the Binks potential for the piezoelectric properties of ZnO had not 
been investigated. Both works found the accuracy of the classical Binks potential 
to be comparable to benchmark ab initio calculation results [Dalcorso et al., 1994]. 
The lattice parameters we used for ZnO were a 0=3.2709 A, c0=5.1386 A and 
u=0.3882. For the electrostatic interactions, we utilized the approach of [Fennell 
and Gezelter, 2006], who improved on the original work of [Wolf et al., 1999] by 
ensuring that the electrostatic potential and force smoothly truncate at the cut-off 
radius, which results in stability for MD simulations [Fukuda et al., 2008]. The ap-
proach of [Fennell and Gezelter, 2006], which enables the convergent calculation 
of the electrostatic energies and forces using a finite cut-off distance, is needed for 
the present simulations due to the fact that the standard Ewald method assumes 
an infinite, periodic crystal which is certainly not the case here due to the surface-
dominated NW geometries. The specific parameters for the Fennell method that 
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r-------
1 c 
lr==---T 
0 
(a) 
(b) 
Figure 6·1: (a): (a) Four atom unit cell for the wurtzite crystal struc-
ture ; (b) ZnO NWs considered in this work. From top, axial orienta-
tions are along the [0001] direction. Z -direction is chosen to along 
the [0001] direction. 
we utilized for ZnO were a = 3 nm-1 , rc=1 nm; these parameters were previously 
found to give convergent results for the piezoelectric properties of ZnO [Dai et al. , 
2011 ]. 
We considered nearly square cross section ZnO NWs with cross sectional 
lengths ranging from 2 to 4 nm. We did not consider NWs with cross sectional 
sizes smaller than 2 nm because at these small sizes, a transformation into either 
a nonpiezoelectric BCT lattice structure [Kulkarni et al. , 2008, Sarasamak et al., 
2008, Wang et al. , 2008, Wang et al. , 2007a] or a shell structure [Kulkarni et al., 
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Table 6.1: NW dimensions for all three orientations considered in 
Fig. 6·1, where Nx, Ny and Nz represent the number of unit cells in 
each direction. The aspect ratio for each NW is chosen to be 4:1. 
ax1a 
case orientation 
C2 
C3 
[0001] 10 12 30 3.27 3.40 
12 14 36 3.93 3.97 
A 
B 
c 
Figure 6-2: Illustration of fixed and free atoms for (a) axial loading, 
and (b) bending. The NWs shown have a [0001] axial direction. 
2005] was previously predicted using MD simulations. The specific combinations 
of axial and surface orientations we considered are illustrated in Fig. 6·1, with the 
NW sizes summarized in Table 6.1, where the [2ITO], [OliO] and [0001] directions 
are always chosen to be parallel to the x, y and z axes. 
The bending simulations were performed using a dynamic version of the bend-
ing cycle described by [McDowell et al., 2008] to generate correct bending profile. 
Although molecular statics has already been used to study tensile and bending 
properties of nanobeams [Olsson et al., 2007], with the displacement-relaxation 
circle, the displaced end will tilt and we will get more reasonable bending profile. 
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• • 
• 
• 
• • • • 
Figure 6·3: Illustration of modified symmetric rectangular cross sec-
tion of NW, view from [0001] orientation. 0 (red) and Zn (gray) 
As shown in Fig. 6·2, two unit cells of length at one end of the nanowire were held 
fixed during the equilibration, which also involved the Berendsen thermostat for 
1 00 ps, followed by a thermal equilibration using the Nose-Hoover thermostat for 
1 00 ps. After these two initial equilibrium steps, the atoms in group A on the right 
end of the nanowire is prescribed a downward displacement perpendicular to the 
axial direction, in an increment of 10% of the ZnO unit cell length a0 /10 while the 
atoms in groups B and C are not constrained during this initial deformation step, 
which occurs within an NVT ensemble at 300K for 200 ps. Following this initial 
deformation, the atoms in group Care prescribed a downward displacement per-
pendicular to the axial direction with a displacement increment that is 20% of the 
ZnO unit cell length. During this second phase, the atoms in groups A and Bare 
not constrained, and the system is equilibrated in an NVT ensemble at 300 K for 
another 1 00 ps. This displacement-equilibration cycle is repeated until a bending 
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Table 6.2: Buckingham parameters for 
from [Sinks and Grimes, 1994] 
5re_~~s 9~j~~)s 
Zn2+ -02- 529.70 
Zn2+ -Zn2+ 0.0 
P (A) 
0.21916 
0.3581 
0.0 
the Zn-0 interactions 
32.0 
0.0 
0.0 
strain of 10% is obtained since ZnO NW fracture strain under bending is around 
1 0% [Hoffmann et al., 2007]. 
Different NW orientation , loading direction, axial/bending/shear load depend 
on the configuration of experiment and relate to different 'mode'. As Wu eta/. [Wu, 
2004] point out, small strain rate might lead to nonlinear effect in the MD simulation 
of bending. But in order to relax for long enough for the NW after deformation is 
applied at each step, and displacement for each step cannot be too large, a strain 
rate around 107 s-1 is chosen. 
For the surface treatment using CC, the methodology is much more straight-
forward. Because each Zn and 0 atom on a polar [0001] surface has 75% of the 
neighbors of the corresponding bulk atom (i.e. 3 instead of 4), the formal charge 
of the top layer of Zn and 0 atoms is reduced to 75% of the bulk value from ±2e 
to ±1.5e [Noguera, 2000, Dai et al., 2011 ]. 
The key value of interest we will report is the change in polarization for the 
NW as a function of the applied mechanical deformation. This parameter is key 
for design of nanogenerators as a larger polarization is directly related to a higher 
output voltage [Shao et al., 201 Ob, Gao and Wang, 2007, Sun et al., 201 0] , and 
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thus more electrical energy generation [Kamel et al. , 2010, Van and Jiang, 2011 a, 
Sun et al., 201 0]. We calculate the polarization of each unit cell in polar direction, 
then summing over the entire NW to calculate the total NW polarization, where the 
unit cell is defined by the group of four atoms in the green box in Fig. 6·1 , i.e.: 
4 __, pJ _ """' riqi 
cell- 6 n 
i=l cell 
(6.6) 
where ?leu is the polarization for a single unit cell , Pleu is polarization in polar 
direction for each unit cell. P avg is the average polarization of the NW in the polar 
direction, N is the total number of unit cells in the system. Before bending, the 
polar direction of each unit cell is z [0001] direction. Since the unit cell polar 
direction for each unit cell is different after bending , we need to calculate the unit 
cell polarization in polar direction. We choose polarization in polar direction vs 
strain as effective eij to characterize the stretch of unit cell dipole: 
N 
Plell = I Pleul' Pavg = L Plell / N (6.7) 
j=l 
6.3 Numerical Results 
According to beam bending theory: 
_ ___!___ 2 _ ) _ ___!___ L 3 
w - 6Ef z (3L z ,WL - 3E I (6.8) 
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, so we can get bending elastic modulus E from the slope ofF to deflection w . 
A theory including surface effects has beed developed by Liying et a/. [Jiang 
and Van, 201 0]. Since the bending strain reaches 10% and aspect ratio of our 
beam is 4, we need to use analytical solution of Euler beam bending theory with 
large deflection for short beam. The strain is: 
1 (dw) 2 9wi 2 c:11 =- - = -(z(2L- z )) 2 dz 8£6 
p _ psp _ (5d2e33 + 24(e31 + e33)£2 ) wi 
avg avg - 40£4 
(5(f)2e33 + 24(e31 + e33))c:; 
40 
(6.9) 
(6.1 0) 
(6.11) 
We define bending strain Eb = £ . This means the relation of average unit 
cell polarization to deflection and bending strain are parabolic. Therefore we can 
define effective piezoelectric coefficient for a bending NW:Pavg- P;C9 = ~e:ff c:~. 
Van eta/. [Van and Jiang, 2011 a] derived the form of bending profile for piezo-
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electric beam including surface effects based on surface layer theory: 
w 
(6.12) 
(6.13) 
where 'TJ = 2(J~zbL2 / (EI)elf· It is easy to find that when (J~z -+ 0, this solution 
converges to classical solution in Eqn. 6.8, i.e. w lz=L = 3~1 £3 
If shear and surface effects are both taken into account, Liying eta/. [Jiang and 
Van , 201 0] developed Timoshenko bending beam theory: 
w(z) 
(6.14) 
h H _ b _ 5(l+v) n _ (EI) * _ a 8 AG _ a .. H £ 2 w ere - 2 To, as - (6+5v)' H - a.AGL 2' a - as AG+H' 'TJ - (EI)* . 
X 
(6 .15) 
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First, the unit cell polarization is given in Fig.6-4. The deviation of polarization 
of each unit cell comes from two parts: initial surface relaxation and bending strain. 
The unit cell is stretched on the top and compressed in the bottom due to bending 
strain. When no bending strain is applied, due to free surface, surface unit cells 
have smaller polarization than the bulk [Dai and Park, 2012]. The difference of 
maximum and minimum unit cell polarization changes with the bending strain can 
be used to characterize the capability or strength of electromechanical coupling. 
-1.3 -1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 
Figure 6-4: Unit cell polarization P!u of bending NW, calculated 
from Eqn.6.6 and Eqn.6.7. 
As shown in Fig.6·5, the bending profile of deformed NW is fitted with Yan et 
al.'s solution in Eqn.6.12. Simulation results and the surface layer theory is highly 
consistent. The deviation of profile from classic theory in Eqn.6.8 shows that there 
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Table 6.3: List of second order coefficient a2 ( C /m2 ) of quadratic fit 
of ?3 vs Eb at strain < 5%. 
is a non-zero initial stress CJ~z due to surface. 
-0.2 
s 
5- -0.4 
1'1 
.S 
4-0 
u 
~ -0.6 
Q) 
Q 
-0.8 
• 12 X 14 X 36 
-Fit with Yan et al. for C3 
-Fit with Yan et al. for C1 
• 6 X 6 X 20 
--- Classical theory for C3 
--- Classical theory for C 1 
• 10 X 12 X 30 
-Fit with Yan et al. for C2 
_1 --- Classic theory for C2 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Position(z/L) 
' 
' 
Figure 6-5: Bending profile of NW at 5% strain and fitted with 
Eqn.6.12, compare with classic theory without surface effects. 
We would like to compare polarization vs strain for bending at different size. As 
shown by Fig.6·6, the average polarization of deformed NW vs bending strain has 
a parabolic form as predicted by Eqn.6.11. The second order coefficient shows 
size effect as listed in Table.6.3. 
Compare to axial loading of NW, bending is easier to set up in experiment, 
but it cannot maximumly use the piezoelectric material since the strain is non 
homogeneous. 
-e- 6 X 6 X 20 
6 -e-1 0 X 12 X 30 
- "- 12 X 14 X 36 
1 
0.01 
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0.02 0.03 0.04 
Bending Strain Eb 
0.05 
Figure 6-6: Average polarization Pavg - P~e9 vs bending strain c:b at 
different sizes. 
6.4 Energy conversion efficiency 
Another important metric to consider is the amount of energy that can be har-
vested from the vibration and bending of piezoelectric nanogenerators. For a 
bending/vibrating ZnO plate/NW, the polarization, electric potential, output power 
are determined by piezoelectric coefficient e 1s or e31 and elastic modulus E, which 
are size dependent. 
If the axial direction is (0001), it is related to e15 [Sun et al., 201 0]. Due to the 
shear strain, Sun eta/. [Sun et al., 201 0] give the energy conversion efficiency by 
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dynamics analysis: 
(6.16) 
If the lateral direction is (0001), it is correlated to e31 [Kamel et al., 2010, Van 
and Jiang, 2011 b, Van and Jiang, 2011 a]. When the plate/NW is under bending, 
the strain is: 
fPw(x, t) 
Ex = Eo - z {)x2 (6.17) 
Output power is: 
(6.18) 
, where Yb is young's modulus. 
Also, energy conversion efficiency can be associated with non-dimensional 
variable, electromechanical coupling coefficient [Shu and Lien, 2006b, Shu and 
Lien, 2006a]. Van et a/ .. [Van and Jiang, 2011 b, Van and Jiang, 2011 a] found 
enhancement of electromechanical coupling coefficient as size decreases. 
From the expression of electric potential at tensile and compressive side of 
bending NW given by Gao eta/. [Gao and Wang, 2009] The power of a parallel 
capacitor is W = ~CV2 , where V is the electrical potential difference. A very 
coarse estimation of output power is in proportion to ( (e33 -2(1+~qs-2he3 1) ) 2 . 
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According to simulation results, e31 will increase as dimension decreases. Con-
sidering the negative sign of e31 , the energy conversion efficiency will become 
smaller at smaller sizes. 
With surface effects taken into account, since e15 will not affected significantly 
by surface effects, and elastic modulus will increase as dimension decreases 
[Chen et al., 2006], the output power and energy conversion efficiency will de-
crease as dimension decreases. One method to take surface effects into consid-
eration is using surface layer [Guo and Zhao, 2005, Guo and Zhao, 2007, Shu and 
Lien, 2006b, Shu and Lien, 2006a]. The surface layer has very small thickness 
and different properties while the rest part is the same as bulk. 
6.5 Important Future Research Topics 
To conclude this thesis, I discuss some important future research topics to extend 
the present work. 
1. Yang eta/ [Yang et al., 2011] studied water molecular adsorbed on ZnO NW 
in experiment and OFT and found reduction of elastic modulus at smaller 
size. MD can be used to study the effect of water on piezoelectric properties 
since it will be critical for ZnO operating in ambient environment. 
2. In the experiment of ZnO NW as nano-generator, NW can also be under 
shear [Majidi et al., 201 Ob] loading. How size effects will affect the piezo-
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electric properties for this fundamental deformation mode is still unknown. 
3. Wurtzite alloys will enhance the piezoelectric property [Tasndi et al., 201 0] 
as shown in previous quantum mechanics calculation. MD can be used to 
study this idea, as well as surface effects on the piezoelectric properties of 
wurtzite alloys. 
4. Other wurtzite crystals, like GaN, also deserve further study to determine if 
the findings in this thesis for ZnO can be generalized to other, similar mate-
rials. 
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